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L-type Cav1.3 voltage-gated calcium channels play important roles in insulin 
secretion, regulating pacemaking activities, mediating synaptic neurotransmission in 
hair cells and learning and memory. For some time, a puzzling question asked was 
about the lack of correlation between the behaviors of the Cav1.3 channels recorded in 
native hair cells and cloned Cav1.3 channels recorded in heterologous HEK293 cells. 
The native Ca2+ currents flowing through Cav1.3 channels of cochlear hair cells 
inactivate only little (Zidanic and Fuchs 1995) while those through heterologously 
expressed Cav1.3 channels in HEK 293 cells do so markedly (Xu and Lipscombe 
2001).  
To understand how these Cav1.3 channels are adapted to such unique 
behavior, as an initial step, we transcript-scanned mRNA obtained from P9 (before 
onset of hearing) and P28 (after onset of hearing) rat cochlea to determine whether 
alternative splicing at the C-terminus of Cav1.3 gene may produce a hair cell splice 
variant that does not inactivate. We found that the alternate use of exon 41 acceptor 
sites generated a splice variant that lost the calmodulin-binding IQ motif in the C-
terminus. These Cav1.3IQD (‘IQ deleted’) channels exhibited a lack of calcium-
dependent inactivation (CDI) independent of co-expressed b-subunits in HEK293 
cells using whole-cell patch recordings. Steady-state inactivation (SSI) properties, 
mainly reflective of voltage-dependent inactivation, were identical for both types of 
channels (Cav1.3IQD  and Cav1.3IQfull). Hence, CaV1.3IQD channels not only expressed, 
but demonstrated selective loss of CDI. We confirmed the presence of the identified 
splice variant, Cav1.3IQD by RT-PCR, Western blot analysis and 
immunohistochemistry. Splice variant specific polyclonal antibodies were raised to 
determine its distribution profile in the rat cochlear hair cells. Cav1.3IQD channel 
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immunoreactivity was preferentially localized to the cochlear outer hair cells (OHCs) 
while that of Cav1.3IQfull (IQ-possessing) channels labeled the inner hair cells. The 
preferential expression of Cav1.3IQD channels by OHCs suggests that these may play a 
role in processes other than neurotransmitter release such as electromotility or gene 
expression. 
 Besides analyzing the splicing patterns at the C-terminus of the Cav1.3 gene, 
we have identified all alternative splicing combinations in the I-II loop region. The I-
II loop region in Cav1.3a1 subunit is known to be the location where many patterns of 
splice variations can be found. Detailed analyses of the distribution of intracellular I-
II loop region splice variants revealed tissue specific and developmental regulation. 
Exon 9* was found to be in developmental rat cochlea, heart and brain. Interestingly, 
we find the highest expression of Exon 9* splice variant in the post-natal day 9 rat 
cochlea (before onset of hearing). It will be of great interest to characterize the 
physiological role of Cav1.3 channels containing Exon 9* splice variant and determine 
if any interacting proteins may be isolated or characterized.  
 Therefore, this study provides preliminary data to motivate us to look at the 
expression of the splice variant Cav1.3IQD channels in other tissues. In our recent 
study, we have found the mossy fiber axons are labelled by the pAb_ΔIQ antibody 
(raised against the Cav1.3IQΔ splice variant), while the antibodies raised against other 
regions of the C-terminus (short or long forms) did not label intensely. Furthermore, 
the expression of splice variant Cav1.3IQΔ channels have been found in the sinoatrial 
node (SAN), which suggests that these channels may play important function in 
cardiac pacemaking. It will be of great interest to transcript-scan the entire Cav1.3 
gene in the cochlea developmentally for new alternatively spliced exons and more 
importantly, the construction of full-length Cav1.3 cDNA libraries will enable us to 
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determine the actual combinations of the various alternatively spliced exons. This 
study provides essential information of new alternatively spliced exons of Cav1.3 
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 Calcium influx through voltage-gated channels plays various essential roles in 
vertebrate hair cell function. The rapid rise in cytoplasmic Ca2+ triggers transmitter 
release (Zidanic and Fuchs, 1995; Glowatzki and Fuchs, 2002; Fuchs et al., 2003), 
activates calcium-dependent potassium channels (Lewis and Hudspeth, 1983; Art and 
Fettiplace, 1987; Fuchs and Evans, 1988), and may contribute to voltage-driven hair cell 
motility that amplifies the cochlear vibration pattern (Brownell WE, 1985).  Not all these 
functions occur equally in every hair cell and so calcium channel proteomic structures 
might vary depending on cell type.  For example, voltage-gated calcium channels 
(VGCCs) must be located specifically close to ribbon synapses of inner hair cells that 
provide the majority of afferent signaling in the mammalian cochlea.  In contrast, outer 
hair cells have few if any ribbon synapses, but nonetheless may rely on VGCCs for other 
functions, e.g., to support voltage-driven electromotility that is necessary for cochlear 
sensitivity and frequency selectivity.   
 What types of VGCCs are found in hair cells?  Voltage-gated calcium currents in 
cochlear hair cells are sensitive to dihydropyridines (DHP) but not other channel blockers 
(Art and Fettiplace, 1987; Fuchs and Evans, 1988; Hudspeth and Lewis, 1988; Zidanic 
and Fuchs, 1995). A DHP -sensitive Ca2+ channel gene, Cav1.3 has been cloned from 
vertebrate cochlea (Kollmar et al., 1997a; Kollmar et al., 1997b) and a Cav1.3 knockout 
mouse is not only deaf, but suffers loss of both inner and outer hair cells over time 
(Platzer et al., 2000). Greater than 90% of the voltage-gated calcium current flows 
through this channel type in cochlear hair cells, although other gene products must 




Interestingly, the predominant Ca2+ current in cochlear hair cells differs 
functionally from the cloned Cav1.3 channel heterologously expressed in HEK cells 
(Mikami et al., 1989; Koschak et al., 2001; Safa et al., 2001; Xu and Lipscombe, 2001). 
Whereas native hair cell calcium currents inactivate little or not at all, the ICa flowing 
through heterologously expressed Cav1.3 channels (independent of β subunit partnering) 
showed marked calcium-dependent inactivation (CDI).  
  
1.1 Voltage-gated calcium channels  
 
Voltage-gated calcium channels (VGCCs) first described in excitable cells 
(Hofmann et al., 1994) are generally classified according to their electrophysiological, 
pharmacological and inactivation properties as either transient (T-type, Cav3), long-
lasting (L-type, Cav1), neuronal (N-type, Cav2), purkinje cell type (P-type, Cav2), 
granular cell type (Q-type, Cav2) and toxin/drug-resistant or residual type (R-type, Cav2) 
(Ertel et al., 2000; Lipscombe et al., 2002). They play important roles in calcium-
regulated neuronal functions which include neurotransmitter release (Miller, 1987), 
membrane excitability and excitation-transcription coupling (Dunlap et al., 1995; 
Finkbeiner and Greenberg, 1998; Komuro and Rakic, 1998; Maier and Bers, 2002). The 
molecular pharmacology of these families of calcium channels is quite distinct. 
Dihydropyridines (DHP) and other organic calcium channel blockers (phenylalkylamines 
and related benzothiazepines) inhibit Cav1 calcium channels (Glossmann and Striessnig, 
1990) while Cav2 calcium channels are relatively insensitive to dihydropyridines 
blockers. However, these Cav2 calcium channels are specifically blocked by peptide 




channel activators or inhibitors and are thought to shift the channel toward the open or 
closed state, rather than occluding the pore. Their binding sites include the amino acid 
residues in the domain III S5, III S6 and IV S6 regions (Schuster et al., 1996). The Cav3 
subfamily of calcium channels is insensitive to both the dihydropyridines that block Cav1 
and peptide toxins that block Cav2 channels. So far, there is no known pharmacological 
agents that can block T-type calcium currents selectively (Perez-Reyes, 2003) and 
development of such selective blockers of the Cav3 calcium channels would be useful for 
therapy.      
1.1.1 L-type voltage-gated calcium channel (LTCCs) 
Four Cav1 genes are present in the pufferfish (Wong et al., 2006), rodents and 
human and they are classified as Cav1.1-Cav1.4 (Hofmann et al., 1999). L-type calcium 
channels are expressed in neuronal, endocrine, cardiac, smooth, and skeletal muscle, as 
well as in fibroblasts and kidney cells. The importance of such VGCCs is corroborated by 
the accumulating evidence that they regulate a plethora of processes including secretion 
of neurohormones, neurotransmitter release (Smith et al., 1986; Augustine et al., 1987; 
Augustine et al., 1989), gene expression, mRNA stability and influence the activity of 
other ion channels. Cav1.1, previously known as a1S, has only been cloned from skeletal 
muscle and interacted directly with the ryanodine receptors in the sarcoplasmic reticulum 
(Flucher and Franzini-Armstrong, 1996). The Cav1.2, formerly known as a1C, is 
expressed in heart (Bohn et al., 2000; Xu et al., 2003), smooth muscle (Moosmang et al., 
2003), pancreatic cells (Schulla et al., 2003) and brain (Hell et al., 1993). Cav1.2 has been 
considered the major L-type calcium channels in the heart. The Cav1.3 gene, known as 




detected Cav1.3 transcripts in cardiac tissues (Wyatt et al., 1997) and sinoatrial node 
(Bohn et al., 2000). Cav1.4, formerly known as a1F, is expressed primarily in retina, and 
these channels are especially found at the synaptic terminals of retinal bipolar cells 
(Berntson et al., 2003).  
1.1.2 L-type voltage-gated calcium channel subunits structure  
L-type calcium channels (LTCCs) are multi-subunit complexes formed by 
different isoforms of the pore-forming α1 subunit named as α1S (Cav1.1), α1C (Cav1.2), α1D 
(Cav1.3) and α1F (Cav1.4). These calcium channels are ubiquitous, particularly in skeletal 
and cardiac muscle, where they play an essential role in excitation-contraction coupling. 
The α1 subunit of molecular size between ~180 to ~250 kDa is the largest subunit, which 
is organized in four homologous domains (I-IV), each of which contains six 
transmembrane segments (S1 to S6) linked by variable cytoplasmic loops and 
cytoplasmic domains of amino (N) and carboxy (C) termini (Figure 1.1). The α1 subunit 
forms the ion-conducting pore and determines the main characteristics of the channel 
complex such as its ion selectivity, voltage sensitivity, pharmacology and binding 
characteristics for ligands. The S4 segment serves as the voltage sensor which is thought 
to move outward upon depolarization thus causing the channels to open. The re-entrant 
pore loop (P loop) located in between the S5 and S6 segments form the pore lining which 
determines ion conductance and selectivity.  
In order to form a functional calcium channel complex, the α1 subunit associates 
with at least three auxiliary subunits (a2d, b and/or g) (Striessnig, 1999). Molecular 
cloning has identified ten α1 subunit genes, four different genes encoding b subunits (b1-




1999; Gao et al., 2000a) and five genes encoding neuronal g subunits (Letts et al., 1998; 
Klugbauer et al., 2000; Lacinova, 2005). Based on previous findings, the auxiliary 
subunits increase the current amplitude (Brice et al., 1997), accelerate inactivation 
kinetics, facilitate gating and shift the voltage dependence of  inactivation in the 
hyperpolarizing direction (Singer et al., 1991). Although significant biophysical diversity 
of native Ca2+ channels is conferred by the a1 subunits, tertiary structure and channel 
properties are greatly modulated by the co-assembled auxiliary subunits.    
 
1.2 Cav1.3 voltage-gated calcium channels 
 Cav1.3 gene was first cloned in the early 1990s, however, low expression levels in 
heterologous expression systems limited electrophysiological studies of this class of 
calcium channel (Hui et al., 1991; Williams et al., 1992; Ihara et al., 1995). All known L-
type calcium channels are sensitive to dihydropyridine antagonists and agonists. The 
Cav1.3 gene is expressed in most excitable cells which also express Cav1.2 gene 
(Williams et al., 1992; Hell et al., 1993). Cav1.3 calcium channels appear to be less 
sensitive to dihydropyridine antagonists (Koschak et al., 2001; Xu and Lipscombe, 2001), 
and furthermore, there is no available drug to completely inhibit Cav1.3 currents and 
pharmacologically distinguish Cav1.2 and Cav1.3 calcium currents (Platzer et al., 2000).   
 Although Cav1.3 calcium channels are classified as L-type by pharmacology, 
these native hair cell calcium channels display unique properties. A prominent feature of 
all Cav1.3 clones isolated recently was the relatively low-threshold activation which was 
independent of tissues of origin and auxiliary subunits used (Koschak et al., 2001; Safa et 




membrane potentials (Platzer et al., 2000) than other L-type calcium channels, between -
60 mV and -45 mV. They do not inactivate in a voltage- or Ca2+ -dependent manner over 
a time span of hundreds of milliseconds (Zidanic and Fuchs, 1995). Consistent with 
studies of cloned Cav1.3 calcium channels, these Cav1.3a1-containing L-type channels 
begin to activate at ~ -55 mV in the presence of 5 mM barium or 2 mM calcium (Xu and 

























Figure 1.1 Subunit composition and transmembrane topology of voltage-dependent 
Ca2+ channels. Top panel, diagrammatic representation of the various exons flanking the 
Cav1.3a1 subunit. Bottom panel, calcium channels are heteromultimers of α1, β, α2-δ and 
γ subunits, α1 subunit is comprised of four homologous domains, each containing six 
membrane spanning helices and a pore forming region (indicated in purple). The fourth 
transmembrane segment in each domain contains several positively charged residues and 
the voltage sensor of the channel. The Ca2+ channel β subunits are cytoplasmic proteins 
sharing two highly conserved (indicated as C1 and C2) and three variable regions. 
























P-type Cav2.1 Very slow w-agatoxin IVA b1b Speeding 
Q-type Cav2.1 Moderate w-agatoxin IVA b2a Substantial 
slowing 
N-type Cav2.2 Fast w-conotoxin 
GIVA 
b3 Speeding 
L-type Cav1.2 Slow Dihydropyridines b4 Moderate 
slowing 
 Cav1.3 Slow Dihydropyridines   
 Cav1.4 Slow Dihydropyridines   
 Cav1.1 Slow Dihydropyridines   
R-type Cav2.3 Fast SNX-482   
T-type Cav3.1 Very fast No specific 
blocker 
  
 Cav3.2     
 Cav3.3     
 
Table 1: Classification of a1 subunits and effects of co-expression with b subunits. 
Molecular cloning has identified 10 a1 subunits genes as shown in the table above and 
four different genes encoding b subunits (b1 - b4). (Adapted from Trends in Neuroscience 












1.2.1 Alternative splicing of Cav1.3 gene 
 Alternative splicing is a mechanism for generating a versatile repertoire of 
functionally different proteins within individual cells. In order to obtain mature mRNA 
which can be translated into a protein sequence, the intronic sequences in the transcript 
are removed by a process known as RNA splicing. In alternative splicing, even exonic 
sequences can be excluded, producing protein variants that lack from one to several 
amino acids. In calcium channel transcripts, four modes of alternative splicing have been 
found to be operational: (i) splicing at alternative junctional splice sites at the 5’ end of an 
exon (alternative splice donor), (ii) alternative junctional splice sites at the 3’ end of an 
exon (alternative splice acceptor), (iii) optional splicing to retain or exclude an optional 
exon (cassette exon) and (iv) mutually exclusive splicing with the inclusion or exclusion 
of either one of a pair of exons. Recently, studies have shown that alternative splicing in 
the a1 subunit gene can influence channel behavior and pharmacology (Lin et al., 1997; 
Welling et al., 1997; Lin et al., 1999; Tsunemi et al., 2002). Different mechanisms of 
alternative splicing can generate diversity among mRNAs. These are summarized in 
Figure 1.2. Besides, the commonly known mechanisms i.e. exon inclusion/skipping, other 
mechanisms for generating diversity among mRNAs include the use of alternate 5’ 
promoters and alternate 3’ polyadenylation/ cleavage sites. This form of RNA processing 
is common and at least 25% of human genes use alternate 3’ polyadenylation sites to give 
rise to mRNAs (Modrek and Lee, 2002). Another mechanism, RNA editing, can give rise 
to subtle differences among mRNAs derived from a single gene. For example, a single 
adenosine residue in the pre-mRNA transcript is converted to inosine and consequently 




most notable example of RNA editing in the nervous system is the AMPA receptor. A 
single edited site in the AMPA receptor regulates the permeability of its associated ion 





Figure 1.2 Patterns of alternative splicing. A single mRNA transcript can be spliced 
into 2 ways to produce different mRNAs. The light blue boxes are constitutive exons 
which can be included or excluded in alternative splicing. These exons boxes are joined 








The physiological significance of alternatively splicing can be illustrated in 3 
notable but limited examples. These are sex-determination in Drosophila where extensive 
work has shown that differential splicing of the host of genes determines the sex of the 
fruit fly (Baker, 1989; McKeown, 1992). Other notable examples include the extensive 
alternative splicing cslo gene in chick hair cell frequency tuning (Hudspeth et al., 1997) 
and the tissue-specific functional partitioning of the calcitonin/CGRP gene. However, 
little knowledge is known about the factors that control tissue-specific and 
developmentally regulated alternative splicing. Two reports in an issue of Neuron 
(Navaratnam et al., 1997; Rosenblatt et al., 1997) have described a system where 
physiology is regulated through alternative splicing. Indeed, splicing reactions tune the 
individual hair cells of the avian cochlea to specific sound frequencies.  
 The a1 subunit, including Cav1.3a1, is subjected to extensive alternative splicing 
(Hui et al., 1991; Williams et al., 1992; Ertel et al., 2000; Lipscombe, 2005) and some 
splice variants displayed altered voltage dependence of activation. Although the extent of 
alternative splicing in Cav1.3a1 has yet to be fully determined, Lipscombe’s group has 
characterized three regions of the gene that contain exons whose expression is regulated 
in a tissue-specific manner (Xu and Lipscombe, 2001). Exons 11 and 32 are alternatively 
spliced and they encode 20 and 15 amino acids in the IVS3-IVS4 region and the I-II 
intracellular loop respectively. The C-terminus of the a1 subunit constitutes about one-
fourth of the channel protein and there is sufficient evidence that alternative splicing in 
the C-terminus has an effect on inactivation kinetics for Cav1.2 and Cav2.1 genes 
(Bourinet et al., 1999; Gao et al., 2000b; Hering et al., 2000; Krovetz et al., 2000; Gao et 




amino acids (GenBank accession number AF370009) shorter than exon 42-containing 
subunits (GenBank accession number AF370010) (Xu and Lipscombe, 2001). 
Furthermore, the Cav1.3-/- knockout mice and the recently constructed full-length 
Cav1.3a1 cDNA clone derived from rat sympathetic neurons (Xu and Lipscombe, 2001) 
have renewed interest and provided sufficient evidence that Cav1.3 gene exhibit calcium 
currents with unusual electrophysiological properties (Platzer et al., 2000; Xu and 
Lipscombe, 2001; Zhang et al., 2002; Mangoni et al., 2003).  
 Evidence that the Cav1.3a1 gene is spliced in a hair-cell-specific manner came 
from Kollmar and colleagues (Kollmar et al., 1997a; Kollmar et al., 1997b). Their results 
demonstrated that Cav1.3a1 gene contains a 26-aa insert (exon 9a) in the I-II loop, an 
alternative IIIS2 exon and a 10-aa insert in the IVS2-3 loop. The consistent expression of 
exon 9a was corroborated from another study done in hair cell epithelium of the sacculus 
of the trout Oncorhynchus mykiss (Ramakrishnan et al., 2002). The occurrence of a 10-aa 
insert in hair cell Cav1.3 channels may suggest an important role in shaping the channel’s 
behavior and that the alternatively spliced IIIS2 exon may affect the voltage dependence 
of activation. In another study done by Safa and others (Safa et al., 2001), they showed 
that Cav1.3a1 gene expressed two transcript variants, “short a1D” that has a QXXER 
motif and “long a1D” which lacks the QXXER motif. Their data demonstrated that such 
alternatively spliced Cav1.3a1 gene exhibited voltage-dependent and G protein-







1.2.2 Cav1.3 and cochlea 
 Calcium current in chick hair cells was first described (Fuchs et al., 1990) when 
whole-cell recordings were carried out in cochlear hair cells of the chick. In the study, 
Ca2+ current had rapid activation kinetics, reaching steady-state levels with 1 ms.  
Evidence for the predominance of Cav1.3 includes the cloning of α11.3  from vertebrate 
cochlea (Kollmar et al., 1997a; Kollmar et al., 1997b). The presence of voltage-gated 
Ca2+ channels at the base of hair cell plays important roles in auditory signaling by 
controlling synaptic transmission and electrical tuning. The rapid kinetics of synaptic 
transmission at the hair cell afferent nerve terminals require the influx of Ca2+ ions, which 
is mainly supplied by the Cav1.3 channels at the base of hair cells (Zidanic and Fuchs, 
1995). Therefore the strategic placement of such channels is crucial for fast 
neurotransmission release. The entry of Ca2+ opens Ca2+ -activated K+ channels that 
clustered with the Ca2+ channels at the base of the hair cells and repolarize the cell 
membrane. Cav1.3a1 knockout mice exhibited significant sinoatrial dysfunction and 
congenital deafness (Platzer et al., 2000). Another study that was conducted with the 
sacculus of the bullfrog confirmed that the interaction of Cav1.3a1 with auxiliary subunits 
and synaptic proteins modifies the functional expression of the channels and contributes 
to their physiological properties (Song et al., 2003).  
1.2.3 Cav1.3 and other tissues  
 Cav1.2 channels represent the most abundant isoform in the cardiovascular 
system, whereas Cav1.3 is mainly expressed in the neurons and neuroendocrine cells. 
However, recent reports have indicated a role of Cav1.3 channels in the pacemaker 




reported that Cav1.3 mRNA transcript was expressed in the right atrium but not in the 
ventricles. This is subsequently supported by Mangoni et al (Mangoni et al., 2003), who 
reported similar observations in both mouse and human hearts. Indeed, Cav1.3 knockout 
mice exhibited significant sinus bradycardia and AV block (Platzer et al., 2000; Zhang et 
al., 2002; Mangoni et al., 2003). They observed the reduction of 79% L-type current 
density in the Cav1.3 knockout mice as compared with wild-type mice (Platzer et al., 
2000).    
 Sinnegger-Brauns et al (Sinnegger-Brauns et al., 2004), reported the generation of 
a mouse model where the dihydropyridine (DHP) sensitivity has been eliminated from 
the Cav1.2a1 subunits. They used this mouse model to determine the contribution of 
Cav1.3 for pancreatic b cell Ca2+ currents and insulin secretion. Indeed, they showed that 
in the Cav1.2DHP-/- mice, the neuronal selective Cav1.3 activation pattern affects brain 
function and provide evidences that Cav1.3 hyperactivity can alter mammalian mood-
related behavior. The majority of L-type a1 –subunits in pancreatic b cells is 
neuroendocrine subtype Cav1.3 (Scholze et al., 2001) and they have described the 
expression of a previously cloned (Yaney et al., 1992) neuroendocrine L-type calcium 
channel from insulin-secreting cells together with the b3 and a2d subunits. Furthermore, 
the neuroendocrine Cav1.3 channels examined are stimulated by GPCRs (G-protein 
coupled receptors) that is stimulated by ligand-bound G(i)/G(o)-coupled GPCRs which 
may suggest their roles in calcium influx in b cell and consequently in insulin secretion 
(Scholze et al., 2001).   
 The expression of Cav1.3 channels have been reported in areas of CA1 and CA3 




expression observed by Veng et al, might suggest a molecular basis for increased calcium 
currents and increased susceptibility to L-type dependent LTP in area CA1 of the adult 
hippocampus. Multiple types of voltage-dependent calcium channels coexist in excitable 
cell and in the neurons, it has been reported that Cav1.3 calcium channels have been 
isolated from rat brain (Hui et al., 1991; Hell et al., 1993; Tanaka et al., 1995). The 
presence of such voltage-dependent calcium channels serves to regulate neurotransmitter 
release, maintain electrical activity and propagate action potentials.      
 
1.3 Mechanism of calcium dependent inactivation (CDI)     
 L-type Ca2+ channels manifest Ca2+ –sensitive inactivation, a biological feedback 
mechanism in which elevation of intracellular Ca2+ concentration speeds up channel 
inactivation. Ca2+ ions control processes such as cell proliferation, neuronal development 
and neurotransmitter release. Therefore, Ca2+ channels can inactivate mainly by three 
different mechanisms: Ca2+ -dependent inactivation (CDI), fast voltage-dependent 
inactivation (VDI) and slow VDI. In the case of CDI, Ca2+ ions restrict their own entry 
into the cell via the voltage-gated calcium channels (VGCCs). Thus, CDI provides crucial 
negative feedback in numerous neuronal and non-neuronal systems. It was only recently 
that calmodulin (CaM) was identified as the important Ca2+ sensor that mediates CDI in 
Cav1.2 channels (Lee et al., 1999; Peterson et al., 1999; Qin et al., 1999). Brehm and 
Eckert (1978) were the first to study the function of VGCCs in terms of calcium-
dependent inactivation. 
 The degree of calcium inactivation can be measured by defining the ratio of 




Therefore, CDI usually results in a U-shaped inactivation curve. A number of studies by 
Lee et al (Lee et al., 1999) and Zuhlke et al (Zuhlke et al., 1999), have concluded that 
calmodulin, a classical Ca2+ receptor protein, mediates both calcium dependent 
inactivation and facilitation (Imredy and Yue, 1992, 1994; Peterson et al., 1999; Erickson 
et al., 2001; Liang et al., 2003). Partial deletion of the cytoplasmic tail (Zuhlke and 
Reuter, 1998) and mutations in the IQ motif (Zuhlke et al., 2000) both hinted that 
calmodulin might play important role in calcium-dependent regulation and the deleted 
region includes a putative IQ calmodulin binding motif in the cytoplasmic segments of 
the Cav1.2a1 subunit. de Leon et al (de Leon et al., 1995) have provided evidence  that 
the EF-hand Ca2+-binding motif, on the Cav1.2 subunit may suggest that Ca2+ binding to 
such site initiates Ca2+ inactivation. In another study shown by Soldatov et al (Soldatov et 
al., 1997), that alternative splicing of exons 40-42 are important for the kinetics and Ca2+ 
dependence of inactivation. 
 
1.4 The organ of Corti  
 Sensing of sound from the surrounding environment and relaying the signal to the 
brain occurs mainly in the inner ear known as the cochlea (Latin for “snail), a fluid-filled 
tube coiled up like a snail’s shell. Auditory signaling can be summarized in several main 
steps: the pressure from the sound waves moves the tympanic membrane (eardrum), 
conduction through a series of bones known as ossicles via the eardrum move the 
membrane at the oval window, the motion in the oval window moves the fluid-filled 
cochlea and production of pressure waves within the cochlea displace the basilar 




about 2.5 coils of progressively diminishing diameter turned around a bony core and is 




Figure 1.3 The structure of the human ear. Sound waves travel through the auditory 
canal to the tympanic membrane (ear drum). The difference in pressure between the 
sound wave striking the outer surface of the eardrum and normal atmospheric pressure on 
the inside of the eardrum causes the eardrum to vibrate. Within the middle ear, vibrations 
travel through three small bones (the hammer, anvil, and stirrup) to the cochlea. This 
causes a further amplification of the sound vibration and the semicircular canals act as 
miniature accelerometers. They also help to maintain a sense of balance by responding to 
gravity and changes in acceleration. The vibrations stimulate neurons to produce 




The mammalian cochlea is made up of mainly three fluid-filled chambers: scala 
vestibuli, scala tympani and scala media (Figure 1.3). The fluid in the scala vestibuli and 
scala tympani is known as perilymph and they have ionic content which is similar to that 
of cerebrospinal fluid: low K+ (~ 7mM) and high Na+ (~140 mM) concentrations. The 
scala media is filled with the endolymph and it has fluid composition which is similar to 
that of intracellular concentrations: high K+ (~150 mM) and low Na+ (~ 1mM). The 
difference in ion content is generated by active transport which takes place at the stria 
vascularis (Figure 1.3) and thus generating the endocochlear potential of about +80 mV 
which provides the energy for auditory transduction in the hair cells. 
The organ of Corti (also known as the cochlea) contains hair cells which sit on the 
basilar membrane, a fibrous structure dividing the scala media from the scala tympani. 
The basilar membrane is wider at the apex than at the base. High frequency sound 
produces a traveling wave, which dissipates near the stiff base of the basilar membrane, 
such traveling wave will not propagate very far. However, low-frequency sound produces 
a wave which travels all the way up to the apex. Thus at the apex of the human cochlea 
the basilar membrane responds best to the lowest frequencies that we can hear (down to  
~ 20 Hz) and at the cochlea base resonates to vibrations as great as 20 kHz. Tonotopic 
map exist on the basilar membrane where the characteristic frequency within the auditory 
nerve is systematically organized. The mammalian cochlea contains two classes of hair 
cell, inner (approximately 3500 form a single row) and outer (humans have about 15,000-
20,000 arranged neatly in three rows), with different specialized functions. Sound 
information from the environment – speech, music or other sounds is relayed primarily 




neurotransmitter release on the auditory nerve afferents, whereas the main task of outer 
hair cells (OHCs) is to amplify the stimulus by feedback mechanism. Therefore, the outer 
hair cells constitute a “cochlear amplifier”, a mechanism which increases the amplitude 
and frequency selectivity of basilar membrane vibration for sounds.  
 
1.5 Anatomy and functional diversity of the cochlea   
 The organ of Corti itself sits on the basilar membrane and faces the highly 
differentiated sensory epithelium (hair cells). The rigidity of the organ of Corti is given 
by an arch of rods and pillar cells along its length. It consists of one row of inner hair 
cells, three rows of outer hair cells and several types of supporting cells namely the pillar 
cells, Deiters cells and Hensen cells (Figure 1.5). The supporting cells play a homeostatic 
and mechanical support role while the OHCs provide active amplification of the sound 
energy (Hudspeth, 1997). When sound energy deflects the hair bundle, the stereocilia 
bundle is deflected which opens potassium ion channels in the stereocilia membrane. 
Depolarization of the inner hair cells (IHCs) open voltage-gated Ca2+ channels at the 
presynaptic active zones, the entry of Ca2+ ions triggers neurotransmitter release (Kachar 
et al., 1986; Hudspeth, 1989). Recent work has identified TRP channels and these are 
non-selective channels (Corey et al., 2004). Such process causes the influx of mainly K+ 
cations and depolarization of the hair cell. The flow of K+ ions is due to the electrical and 
chemical gradients. OHCs translate the resulting changes in membrane potential into 
changes of the length of their cylindrical cell bodies (Evans and Dallos, 1993). When 
individual OHCs are electrically stimulated, they shorten in response to depolarization 






                                
 
 
Figure 1.4 Diagrammatic representation of an inner hair cell. L-type Ca2+ channels 
are found at the base of the inner hair cells. The synaptic ribbon is always localised at the 
presynaptic active zone and surrounded by synaptic vesicles. The IHC releases 
neurotransmitter onto the type I afferent fibre of the cochlear nerve. The postsynaptic 
processing of information by auditory fibres could be modulated by lateral efferent fibre 
















Figure 1.5 Diagrammatic cross-section of the organ of Corti. The outer hair cells are 
supported by the phalangeal cells which rest on the basilar membrane. The inner hair cell 
is supported by inner phalangeal cells. The stereocilia on the top of both the inner and 









mechanism from ATP-driven reaction. The motor protein, prestin, was identified recently 
(Zheng et al., 2000) and they belong to a solute carrier (SLC26) family of anion 
transporters. These prestin proteins are densely packed in the lateral membrane of the 
OHCs. Targeted deletion of prestin in mice showed loss of OHC electromotility and 
reduced cochlear sensitivity.  
The cochlea is innervated by the auditory nerve (Figure 1.6), which is part of the 
VIIIth cranial nerve. The spiral ganglion neurons are the first in the auditory pathway to 
fire action potential and provide auditory information to the brain. There is significant 
difference between the spiral ganglion innervation of the inner and outer hair cells. The 
afferent information is transmitted via neurotransmitter release by synaptic vesicle 
exocytosis at the active zones of IHCs and conveyed the auditory information to the 
central nervous system. The cell bodies of the spiral ganglion neurons (SGN) are 
localized within the modiolus and send their processes to the cochlear nucleus. About 90-
95% of the afferent fibers contact the inner hair cells while the remaining 5-10% goes to 
the numerous outer hair cells. The efferent innervation of the IHCs and OHCs is provided 
by superior olivary complex of the brainstem. They innervate outer hair cells (OHCs) and 
when activated, the OHCs contract, pulling the tectorial membrane down toward the 
organ of Corti. This may produce an increase in the amplitude- and frequency-sensitivity 
of the inner hair cells. The mechanism of efferent axodendritic transmission has not been 









Figure 1.6 Innervation of the organ of Corti. The great majority of auditory nerve fibers 
(type I fibers) connect with inner hair cells. A few fibers (type II) pass to the outer hair 
cells, after running basally for about 0.6 mm. Inner hair cells (IHCs), Outer hair cells 




1.6 Objectives of the study 
 Although alternative splicing is a mechanism for generating proteomic diversity, 
its functional consequence is only known for a few Cav1.3 channel splice variants. So far, 
we have limited knowledge about the unusual properties of hair cell voltage-gated Ca2+ 
conductance as compared to the heterologously expressed cloned Cav1.3 channels. Our 
hypothesis is that an alternative splice variant of the Cav1.3a1 subunit may underlie this 
difference in channel property and that expression of alternatively spliced exons may be 




 The objectives of this study are to: 
(1)  Provide a mechanistic explanation for the lack of CDI in α11.3 Ca2+ currents in hair  
 cells. 
(2) Evaluate the importance of specific splice variants at the C-terminus of Cav1.3  
in calcium-dependent inactivation.  
(3)  Establish the distribution patterns of identified splice variants in other tissues. 
  Our long-term goal would be to identify, characterize and map the functional 
relevance of novel splice variants distributed in both the chick and rat cochlea and 
generate a splice variant transgenic mouse model.  
Here, we also show that CDI can be regulated by alternative splicing at the C-
terminus IQ motif of the Cav1.3 a1-subunit. The analogous IQ motif contributes 
essentially to CDI of Cav1.2 channels (Berjukow et al., 1999; Soldatov et al., 2000).  
Here we performed RT-PCR reactions on cochlear tissue to identify a Cav1.3 splice 
variant missing the entire IQ domain - Cav1.3IQD.  A full-length cDNA of this splice 
variant expressed in HEK293 cells produced currents with little or no CDI. RT-PCR 
analysis and immunohistochemistry revealed spatial developmental changes in the 
cochlear profile of this splice variant. Splice-variant-specific antibodies suggest that the 
full-length Cav1.3IQfull and splice variant Cav1.3IQD forms are differentially expressed by 
inner and outer hair cells of the rat cochlea. Cochlear hair cells may use alternative 
splicing of Cav1.3 to establish baseline properties upon which calcium binding proteins 
and other mechanisms act to determine cell-specific steady-state and kinetic features of 
this critical signaling molecule.   
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MATERIALS AND METHODS 
2.1 Tissues preparation and distribution of splice variant, CaV1.3IQΔ 
All animal protocols were approved by national ethical guidelines. Rat pups 
(Charles River) between postnatal days 9 (before onset of hearing) and 28 (hearing fully 
developed), where P0 is the date of birth, were anaesthetized using pentobarbital and 
decapitated. The cochleas were rapidly removed and the organ of Corti was micro-
dissected for subsequent procedures. For each RNA isolation experiment, two organs of 
Corti were processed under sterile RNase-free conditions. Total RNA was isolated from 
the organ of Corti from different age rat pups (P9 and P28) with a solution of phenol and 
guanidinium isothiocyanate (Trizol, Invitrogen). First-strand cDNA was synthesized with 
reverse transcriptase (Superscript II, Invitrogen) and oligo(dT) primers (Invitrogen). 
Negative control reactions without reverse transcriptase were carried out in all RT-PCRs 
to exclude contamination by genomic DNA. For the cDNA first strand synthesis, each 
reaction was incubated at 25ºC for 10 min, followed by 42ºC for 1 hr and the reaction 
was inactivated at 95ºC for 5 min. The cDNA was stored at -20ºC until PCR analysis.  
Initial PCR reactions were conducted using rat CaV1.3 specific primers flanking the IQ 
region of the CaV1.3 channel. The following primers were used to amplify a 638 bp 
stretch of CaV1.3 subunit around the IQ motif which was subjected to alternative splicing: 
sense primer: 5’- ACGGACGGCTCTCAAGATCAAG-3’; antisense primer: 5’-
GGGCAGCTTTGGACATATTGG-3’. The PCR protocol includes an initial denaturation 
step at 95°C for 2 min; 5 cycles of (95°C for 30 s, step down 60°C-55°C, stepping down 
1°C for each cycle and 72°C for 1 min) and followed by 30 cycles of 95°C  for 30 sec, 53 
°C for 30 sec, and 72°C for 1 min; and a final extension step at 72°C for 10 min. PCR 
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products were analyzed by agarose gel electrophoresis. The amplicons were subcloned 
into pGEMT- Easy vector and transformed into DH10B Escherichia coli cells. The 
different splice combinations were differentiated based on their distinct migration 
patterns in 2% agarose gels. To verify the accuracy of the gel analysis, plasmids extracted 
from representative colonies were sent for DNA sequencing.  
The amplicon containing the splice variant, CaV1.3IQΔ was cloned into pGEMT-
Easy vector (Promega) and sequences were compared using the Lasergene software 
(DNAstar) sequence alignment or against the NCBI database. To characterize the 
functional properties of the CaV1.3IQΔ, this splice variant was substituted into the full-
length WT- CaV1.3IQfull (kindly provided by Dr Diane Lipscombe, Genebank accession 
number AY370009) and CaV1.3IQΔ construct generated. The CaV1.3IQΔ construct 
(truncated IQ motif) contains an exon which is subjected to alternative splicing at the IQ 
region of CaV1.3 subunit thus generating a truncated protein that is different from the 
CaV1.3IQfull (full IQ). 
 
2.2      Generation of Polyclonal Antibodies against CaV1.3IQΔ splice variant and  
CaV1.3IQfull  
 
The rat CaV1.3IQΔ splice variant (GNSRSGKSKAWWGNTLRRTPRSPYRRD) 
was subcloned in frame between EcoRI and XhoI sites of the expression plasmid pGEX-
4T-1 (Amersham Biosciences). The resulting fusion protein was expressed in the host 
Escherichia coli BL21 (DES). This clone is designated CaV1.3IQΔ-GST. GST-fused 
CaV1.3IQΔ protein was purified and eluted with glutathione-agarose (Sigma, G 4501). 
Purified CaV1.3IQΔ-GST protein were dialyzed in PBS (137 mM NaCl, 2.7 mM KCl and 
10 mM sodium phosphate at pH 7.4) before being used to immunize female New Zealand 
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White rabbit once a month. Complete Freund’s adjuvant (Sigma, F 5881) was first mixed 
with CaV1.3IQΔ-GST for immunization, and incomplete Freund’s adjuvant (Sigma, F 
5506) was used in subsequent injections once a month. Serum was pre-absorbed 
overnight at 4˚C with excess GST protein to remove contaminating GST IgG in the 
serum and the polyclonal antibody of interest (pAb_ΔIQ) was affinity-purified from 
immobilized CaV1.3IQΔ-GST protein with an IgG elution buffer (Pierce). Serum from 
rabbits before immunization was used as preimmune control in Western blot. The 
synthetic peptide (Genemed Synthesis Inc, South San Francisco, CA)   
GNSRSGKSKAWWGNTLRRTPRSPYRRD, which represents the region of splice 
variant was synthesized and used as pre-absorption control. The concentration of the 
peptide was 40mg/ml.  The concentration of antibody was ~ 1µg/µl and was designated 
as pAb_ ΔIQ.  
The polyclonal peptide antibody designated as pAb_CaV1.3 was raised (Alpha 
Diagnostic International) against exon 42a (6 amino acids MLERML) and 2 additional 
amino acids from exon 41 (LQ). The peptide CLQMLERML was synthesized and used 
for generation of peptide-antibody against CaV1.3IQfull channels in rabbits. The inclusion 
of an additional residue C (cysteine) is to stabilize and increase the ease of affinity 
purification of the peptide. The concentration of antibody was ~ 0.8µg/µl.  
 
2.3 Protein Immunoblotting  
In order to get sufficient protein for immunoblotting, 30 whole rat cochleas 
(180mg) were used for each protein extraction. Tissues from the rat cochleas were 
homogenized in cold lysis buffer containing 50mM Tris pH 8.0, 1mM EDTA and 
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150mM NaCl. All processes were done at 4˚C. The homogenate was centrifugated at 
8000 rpm for 15 min, followed by 40,000 rpm for 1 hr. Membrane proteins were 
extracted from the pellet with cold lysis buffer supplemented with 1% Triton X-100 for 1 
hr. Then the resuspended pellet was centrifuged at 40,000 rpm for 1 hr. 20 µg of 
membrane protein present in supernatant was separated in 6% SDS polyacrylamide gel 
under reducing conditions. The protein was then transferred electrophoretically onto 
polyvinylidene difluoride membrane (Biorad) using a semi-dry transfer system (Biorad) 
and methanol was omitted from the transfer buffer.  
For antibody detection, the membrane was incubated with 5% non-fat milk in 
TBST (20mM Tris pH 7.6, 137mM NaCl and 0.05% Tween 20) for 1 hr at room 
temperature. The membrane was then incubated with diluted primary antibody pAb_ΔIQ 
(used at 1:250) or with diluted primary antibody pAb_CaV1.3 (used at 1:50) at 4˚C 
overnight. After 5 washes with TBST, the membrane was incubated for 1 hr with diluted 
2000-fold goat anti-rabbit secondary antibody (Sigma). After 5 washes, the specific 
binding of the primary antibody was detected with SuperSignal Ultra chemiluminescent 
substrate (Pierce).  
 
2.4 Electrophysiological Recordings and Data Analyses  
Whole-cell patch clamp recordings were employed to characterize full-length 
wild-type CaV1.3IQfull and its splice variant, CaV1.3IQΔ. Ca2+ currents were recorded using 
the whole cell patch-clamp technique from transiently transfected mammalian HEK 293 
cells according to previously described methods at room temperature (Patil et al., 1998; 
Peterson et al., 1999). Outward K+ currents were blocked by Cs+ in the internal and 
Materials and Methods 
 
31 
external solutions. Mammalian HEK 293 cells were transiently transfected either with 
full-length wild-type CaV1.3IQfull or CaV1.3IQΔ, rat β subunits (β1b, β2a, β3, β4) and rat α2δ 
subunits using the standard calcium phosphate transfection method. The rat β subunits 
and rat α2δ subunits clones were kindly provided by Dr. Terry Snutch (University of 
British Columbia). ICa or IBa was recorded at room temperature using the whole-cell patch 
clamp technique, 48–72 h after transfection. For whole cell patch-clamp recordings, the 
internal solution (patch-pipette solution) contained (in mM) 138 Cs-MeSO3, 5 CsCl, 0.5 
EGTA, 10 HEPES, 1 MgCl2, 2 mg/ml Mg-ATP, pH 7.3 (adjusted with CsOH), 290 
mOsm with glucose. The external solution contained (in mM) 10 HEPES, 140 
tetraethylammonium methanesulfonate, 10 BaCl2 or 10 CaCl2 (pH was adjusted to 7.4 
with CsOH and osmolarity to 290–310 with glucose). Pipettes of resistance 1.5-2 MΩ 
were used. Whole-cell currents, obtained under voltage clamp with an Axopatch 200B 
amplifier (Axon Instruments), were filtered at 1–5 kHz and sampled at 5–50 kHz, and the 
series resistance was typically <5 MΩ after >70% compensation. A P/4 online protocol 
was used to subtract online the leak and capacitive transients.  
Data were acquired using the software pClamp 9 (Axon Instruments) and were 
analyzed and fitted using GraphPad Prism IV software (San Diego) and Microsoft Excel. 
Data are expressed as mean values ± S.E. Statistical analysis was performed using paired 
or unpaired Student’s t-test. Current-voltage (I-V) curves relationship were obtained by 
step depolarization from a holding potential of -100 mV to various test potentials. I-V 
curves were fitted according to Equation 1. 
         I = Gmax (V – Erev)/ {1 + exp ((V – V½act)/kI-V)}   (Eq. 1) 
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Gmax is maximum conductance of the cell; Erev is reversal potential; V½act is voltage for 
half-maximal activation; kI-V is slope factor of Boltzmann function; and n is the number of 
tested cells. Steady-state inactivation data and calcium dependent inactivation (CDI) were 
fitted to Equation 2. 
     amp1 + (1-amp1)/(1+exp ((V-V½inact)/SF1)) + amp2/(1+exp (-(V-V’½inact)/SF2))   (Eq. 2)  
 
where amp1 is initial current amplitude; amp2 is final current amplitude; V is the 
membrane potential of the conditioning pulse;  V½inact is the potential for half-inactivation; 
and SF is the slope factor. 
 
2.5 Immunocytochemistry – 
2.5.1 Whole-mount tissues 
Whole cochleae were dissected from rat pups and immediately perfused through the 
round window with ice-cold 2% paraformaldehyde (PFA) buffered with 0.1 M 
monobasic sodium phosphate, 0.1 M L-lysine hydrochloride and 0.01 M periodic acid, 
pH 7.4. Cochleas were allowed to fix in 2% PFA buffered with 0.1 M monobasic sodium 
phosphate for 2-3 hr before being rinsed with fresh 0.1 M phosphate buffer. All 
incubation and rinsing steps are performed on a rocking table. The organ of Corti was 
excised from the cochleae and blocked in blocking buffer (60 mM PBS with 5% normal 
goat serum and 0.25% Triton X-100) for 1 hr at room temperature. The primary antibody 
was diluted in blocking buffer and organ of Corti was incubated overnight at 4˚C. 
Thereafter, it was rinsed in blocking buffer twice before incubating with secondary 
antibody for 2 hr at room temperature. The organ of Corti was rinsed twice in PBS 
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(60mM PBS with 0.25% Triton X-100) before mounting on glass slides with 
FluorSaveTM mounting medium (Chemicon).  
 
2.5.2 Frozen-sections 
Rat pups of various ages (P9 and P28) were used for these experiments. Immediately 
following decapitation, the excess bones were dissected away and the whole cochleae 
were perfused with ice-cold 2% paraformaldehyde buffered with 0.1 M monobasic 
sodium phosphate, 0.1 M L-lysine hydrochloride and 0.01 M periodic acid, pH 7.4.  After 
fixation for 3 hr, excess bones and connective tissues were removed and the organs of 
Corti were decalcified for up to 72 hr at 4˚C in 5% EDTA buffered with 0.1 M phosphate 
buffer. Following several rinses (1-3 hr each) with fresh 0.1 M phosphate buffer, the 
tissue samples were saturated with 30% sucrose in 0.1 M phosphate buffer overnight at 
4˚C before serial-sectioned. The cochleas were embedded in O.C.T compound, frozen 
quickly with liquid nitrogen and readied for serial sections at -25˚C.  14 μm-thick 
cochlear sections were collected by cyro-section and layered on Superfrost slides (Fisher 
Scientific, NH). The slides were coated with poly-lysine before use. The slides were dried 
at 60-70˚C on a slide warmer and stored with desiccant at -20˚C until use.  
Cochlear sections were thawed and warmed at 37˚C for 20 min before antibody 
exposure. The sections were first permeabilized and preblocked with blocking buffer (60 
mM PBS with 5% normal goat serum and 0.25% Triton X-100) for 1 hr at room 
temperature. The primary antibody, pAb_ΔIQ raised in rabbit, was diluted 1:200 in 
blocking buffer and incubated overnight at 4˚C in a humid chamber. When the primary 
antibody, pAb_CaV1.3 was used, the antibody was diluted at 1:50 in blocking buffer and 
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incubated overnight at 4˚C. To observe afferent fiber innervation, anti-NF200 (mouse 
monoclonal, clone 52, N0142, Sigma, 1:1000) was used. Thereafter, it was rinsed in 
blocking buffer twice before incubating with diluted 1:8000 secondary antibody (goat 
anti-rabbit Alexa Fluor 488-conjugated antibodies and goat anti-mouse Alexa Fluor 594-
conjugated antibodies; Molecular Probes) for 2 hr at room temperature. The sections 
were rinsed twice in PBS (60mM PBS with 0.25% Triton X-100) before mounting on 
glass slides with FluorSaveTM mounting medium (Chemicon).  
To test for non-specific staining, preabsorption controls were performed by 
incubating the primary antibody, pAb_ΔIQ with a concentrated solution of GST protein 
(25 μM) and synthetic peptide (at concentration of 40 μg/μl Genemed Synthesis Inc.) for 
2 h at room-temperature. The molar ratio of blocking peptide to antibody was 100: 1. 
Solutions were then spun at 12,000 rpm for 5 min at 4˚C before diluting to the final 
working concentration to be used on the sections. For preabsorption controls of 
polyclonal peptide antibody, pAb_CaV1.3, 2 μg/μl of the commercially provided fusion 






































Part I Alternative splicing at the C-terminus of rat cochlear Cav1.3a1 
subunit 
 
3.1 Transcript-scanning of Cav1.3a1 subunit of rat cochlear hair cells  
To explore whether alternative splicing of Cav1.3 channels might explain the 
diminished CDI characteristic of native channels in hair cells, we applied “transcript-
scanning” (Soong et al., 2002) to the principal α1 subunit of Cav1.3 channels. We focused 
on the C terminus of Cav1.3 (Figure 3.1), because the analogous region of homologous 
Cav1.2 channels contains important structural determinants for the CDI (Peterson et al., 
2000). Transcript-scanning enabled a systematic search for splice variations at the C-
terminus, including regions surrounding the IQ-domain (Exon 41) of the Cav1.3 subunit. 
The presence of Exon 42a (GenBank accession number AF370009) predicts a Cav1.3 
subunit containing C terminus 500 amino acids shorter than exon 42-containing channel 
(GenBank accession number AF370010). We used RT-PCR with exon-specific primers 
(see Materials and Methods, Table 3) to examine the number of Cav1.3 subunit mRNA 
splice variants derived from combinatorial arrangement of alternatively spliced exons. 
This process was performed initially using RNA isolated from different developmental 
ages of rat cochlear hair cells: post-natal day, P9 (Before hearing), P12 (Onset of 
hearing), P16 (Fully developed sense of hearing) and P28 (Adult rat cochlea with 
developed cochlea). PCR reactions were carried out to span regions of 2-3 exons with 
PCR amplicons ranging from 500 bp – 650 bp in size. PCR products containing a mixture 
of all partial cDNAs encoding Cav1.3 splice variations were excised from 2% agarose gel 










Figure 3.1 Summary of Cav1.3 subunit splice variants identified at the C-terminus of 
post-natal day 9 (P9) in rat cochlear hair cells. The presence of splice variants by RT-
PCR were investigated. The regions and identities of each PCR product are indicated by 
the labeled lanes and confirmed by DNA sequencing. Lane 1: (Exons 37-38), Lane 2: 
(Exons 38-40), Lane 3: (Exons 41-43), Lane 4: (Exons 44-46), Lane 5: (Exons 46-47), 
Lane 6: (Exons 48-49). The presence of *Exon 42a (GenBank accession number 
AF370009) predicts a Cav1.3 subunit containing C terminus 500 amino acids shorter than 
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Figure 3.2 An example illustrating colony screening isolated from individual 
bacterial colony from P9 rat cochlear hair cells. Colony PCRs were carried out using 
specific primers flanking Exons 41-43 to identify new splice variants at the C-terminus of 
Cav1.3a1 subunit. The –ve control contains no template. The +ve control contains a 
bacterial colony with Cav1.3a1 subunit fragment containing Cav1.3IQD (Exon 40, D41). 
The largest fragment size of ~ 638 bp consists of Cav1.3IQfull (Exon 40, 41, 43, 44) and 














PCR screened. We picked approximately 100-200 colonies (Figure 3.2) of bacteria 
transformed with the PCR products cloned into pGEMT-Easy vector and employed 
colony PCR to screen the cloned PCR products using specific primers for splice 
variations. The splicing patterns are confirmed by DNA sequencing and the PCR product 
size and migration on agarose gel will be used for future diagnostic purposes. The splice 
variations detected in the C-terminus of Cav1.3 are summarized in Figure 3.3.  
In the course of this scan, we found an unusual splice variant at exon 41, in which 
the IQ-motif was essentially deleted, and other unrelated residues substituted. 
Specifically, we used exon-specific primers flanking the IQ segment of the CaV1.3 
subunit to amplify mRNA transcripts isolated from the organ of Corti, as dissected from 
9- to 28-day postnatal rats (P9, P12, P16 and P28).  Two amplicons of 638 bp and 580 bp 
in length were visualized. DNA sequencing of the smaller PCR product revealed a 
deletion of 58 bp that encodes the 5’ half of the IQ-motif (Figure 3.4).  Interestingly, the 
alternative use of the exon 41 acceptor site also frame-shifted the remaining 3’ half of 
exon 41, resulting in the addition of 27 unrelated amino acids after exon 40, followed by 
a premature stop TAA at nucleotide position 5419. Examination of the genomic sequence 
of the CaV1.3 subunit (NW_043030.1; GI: 26008970) suggests that alternative splicing at 
exon 41 employs canonical GU-AG splice donor and acceptor sites. Essentially, 
alternative splicing at exon 41 removed the entire IQ-domain of the CaV1.3 channel to 
form a novel splice variant (yielding channels with the designation CaV1.3IQD). The more  
commonly recognized CaV1.3 channels, those with CaV1.3 subunits containing a full IQ 




























Figure 3.3 Postulated splicing mechanism underlying C-terminus of Cav1.3 subunit 
in rat cochlear hair cells. A-C, The nucleotide sequences of relevant exon-intron 
boundaries are displayed in the top row, while the bottom row shows the resultant 
transcript and encoded amino acids of each variant. Mechanism of splicing were A, C 
(alternate acceptors) and exon cassette (B).  
 
…CCAGCTGGTG ATGATGAG…ATACAGGACTACTTTAGGAAATTCAAGAAGCGGAAAGAG….. 
Exon 40 Exon 41 
gt…..cgtttag  
 
     Intron 
CCA  GCT  GGT    gga    aat    tca ….  gat      tag  
    P       A       G      G     N    S ..... D    stop  
CCA  GCT  GGT  GAT  GAT 










gt...................ag   gt........ag 
Exon 43 Exon 44 
Exon 41   Exon 43  Exon 44 Exon 41   Exon 44   
Cav1.3+E43 Cav1.3-E43 
GCGGGATTAAGGAC……..TTCAAA AGAAATGGT…..CTCCAGCAGGAAATT….   gt....ag 
TTC   AAA   AGA   AAT   GGT 
  F        K        R       N        D 
TTC   AAA   CAG   GAA   ATT 









                                          
 
 
A G C T C C G C G C T G T G A T A A A G A A A A T C T G G A A G A A G A C A A G           Rat CACNA1D (D38101) 
A G C T C C G C G C T G T G A T A A A G A A A A T C T G G A A G A A G A C A A G           Splicing at IQ domain 
 
 
C A T G A A G C T A C T T G A C C A A G T T G T C C C T C C A G C T G G T G A T             Rat CACNA1D (D38101) 
C A T G A A G C T A C T T G A C C A A G T T G T C C C T C C A G C T G G T G - -                Splicing at IQ domain 
 
 
G A T G A G G T A A C C G T G G G G A A G T T C T A T G C C A C T T T C C T G A            Rat CACNA1D (D38101) 
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - -- - Splicing at IQ domain 
 
 
T A C A G G A C T A C T T T A G G A A A T T C A A G A A G C G G A A A G A G C A           Rat CACNA1D (D38101) 
- - -- - -- - -- - - - - - - - - - - - - - - - - -   G A A A T T C A A G A A G C G G A A A G A G C A           Splicing at IQ domain 
 
 
A G G C C T G G T G G G G A A A T A C C C T G C G A A G A A C A C C A C G A T C           Rat CACNA1D (D38101) 
A G G C C T G G T G G G G A A A T A C C C T G C G A A G A A C A C C A C G A T C           Splicing at IQ domain 
 
 
G C C C T A C A G G C G G G A T T A A G G A C C C T G C A T G A C A T T G G G C           Rat CACNA1D (D38101) 




Figure 3.4 Alignment of nucleotide sequences of the rat sequences (D38101) and 
identified splice variant at IQ domain. The residues that match are boxed up as shown. 
The sequences that do not match are shown as gapped regions. The sequencing results 
confirmed that ~ 58 bp has been deleted at the region of Exon 41 and alternative splicing 














3.2 Relative abundance of Cav1.3IQD splice variants in developing rat cochlea 
The alternative splicing patterns observed at the C-terminus mostly followed the 
canonical alternative splicing GU-AG rule (Sharp and Burge, 1997). Transcript scanning 
using specific primers pair E41-43 has revealed 4 splice variations at the IQ domain of 
Cav1.3 subunit of the rat cochlear hair cells. These splice variations have not been 
reported previously. To understand the physiological significance of the splice variation 
in the development of the rat cochlea, we studied the relative expression and distribution 
in the rat cochlea using colony PCR screening. Figure 3.5 summarizes the relative 
percentage of each splice variant identified. Approximately 200 bacterial colonies were 
screened from the development ages of rat cochlea tissues using colony PCR screening 
and the sequences of each splice variant were validated by DNA sequencing of 20 
randomly picked colonies. From our results shown (Figure 3.5), we observed that the 
relative percentage of Cav1.3IQD  channels peaks at the onset of hearing and 1 month old 
rat cochlea (P12, 49%; P28, 33%) while the relative percentage of Cav1.3DE44 peaks after 
onset of hearing (P16, 70%). We postulated that during the development of hearing, 
especially just before (P9) to the onset of hearing (P12), a lot of processes are taking 
place in making synaptic connections which will require an enormous amount of Ca2+. 
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Figure 3.5 Relative abundance of different splice variants at the region of E41-43 of 
Cav1.3α1 subunit during different stages of the rat cochlea. A, the table above shows 
the distribution of splice variants and bacterial colonies screened in the different ages of 
the rat cochlea. B, graphical representation of the relative abundance of the Cav1.3 splice 
variants. Cav1.3IQD  is the predominant form in P12 and P28 of the rat cochlea.  
 
 
Cav1.3 isoforms P9 P12 P16 P28 
Cav1.3IQfull                203 (76%)      66 (37%)       43 (17%)      104 (53%)  
 
Cav1.3IQD               45 (17%)      87 (49%)       33 (13%)        65 (33%) 
 
Cav1.3DE44              16 (6%)        25 (14%)     177 (70%)       28 (14%) 
 
Cav1.3-E43                3 (1%)               0                   0                  0 
 






3.3 Construction of full-length Cav1.3IQD channels  
 The parental full-length clone Cav1.3IQfull (wild-type, AF370009) in pcDNA6/V5-
HisB vector (Xu and Lipscombe, 2001) was kindly provided by Dr Diane Lipscombe 
(Brown University). This clone contains the combinations of alternatively spliced exons: 
+exon11, Dexon32 and +exon42a. The presence of exon 42a gives rise to a shorter C-
terminal tail of the Cav1.3a1 subunit containing 500 amino acids shorter than exon 42-
containing subunits (Genbank accession number AF370010). The splice variation at exon 
41 (cloned in pGEMT-Easy vector) was first digested by using restriction enzymes SacI 
and NotI before substituting into full-length wild-type Cav1.3IQfull at the respective 
restriction sites. The construction strategies are summarized in the following Figure 3.6 
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Figure 3.6 Schematic diagram of construction of full-length Cav1.3IQD channel. The 
Cav1.3IQD splice variation was amplified from rat cochlear cDNA and then cloned into 
pGEMT-Easy vector by TA cloning. The splice combination was then digested with 
restriction enzymes Sac I and Not I and finally sub-cloned into the parental full-length 
Cav1.3 and expressed in HEK 293 cells for electrophysiological studies.  
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Figure 3.7 Detailed procedure of construction of splice variant DIQ at the C-
terminus of Cav1.3a1 subunit into parental full-length Cav1.3. (1) Parental full-length 
Cav1.3 was sequentially digested with Sac I and Not I to substitute it with splice variation 
(Exon 40, D41). PCR fragments containing splice variation (Exon 40, D41) were 
amplified from rat cochlear cDNA library using specific primers flanking regions E40-
43, cloned into pGEMT-Easy vector and sub-cloned into parental full-length Cav1.3 
vector using restriction enzymes Sac I and Not I (2). The various full-length Cav1.3 
containing splice combinations were diagnostic digested by Spe I and Eco RI which 
shows the correct digestion patterns of end products (3). The identities of all the 
constructs were confirmed by DNA sequencing. 
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3.4 Cav1.3IQD channels lack Ca2+-dependent inactivation  
Because CaM interactions with the IQ-motif of many CaV1-2 channels mediates 
CDI (Liang et al., 2003), we hypothesized that the IQ deletion in CaV1.3IQD channels 
might also exhibit loss of CDI. Alternatively, these channels might altogether fail to 
express at the surface membrane, as CaM/IQ interactions may be important for proper 
targeting of channels (Gao et al., 2000b). To test for these possibilities, we transfected 
CaV1.3IQD channels into mammalian HEK 293 cells with rat b2a subunits and rat a2d 
auxiliary subunits (Peterson et al., 1999). Though diminished somewhat in amplitude 
compared to CaV1.3IQfull channels, CaV1.3IQD channels nevertheless supported appreciable 
current (Figure 3.8). Ba2+ current waveforms were similar between the two channel splice 
variants (upper left), as were peak current versus voltage (I-V) relations, obtained with 
either Ba2+ or Ca2+ as charge carrier (bottom).  In contrast, closer examination of the 
exemplar Ca2+ current waveforms for the two channel splice variants (top right) revealed 
a striking contrast in behavior. While CaV1.3IQfull Ca2+ currents showed pronounced 
inactivation during step depolarization, such CDI was notably reduced in currents 
through CaV1.3IQD channels. Figure 3.9 further highlighted this contrast in the CDI 
population data. Exemplar traces at the top, displayed on a faster time-base, re-
emphasized the contrasting CDI profiles of the two channel types. More quantitatively, 
the fraction of peak Ca2+ current remaining after 300-ms depolarization (r300) showed a 
deep U-shape for CaV1.3IQfull channels, consistent with strong CDI. By contrast, the 
analogous relation for CaV1.3IQD channels exhibited only a shallow decline, no different 
than with Ba2+ as charge carrier. This similarity is consistent with a complete elimination 




top left), consistent with sparse voltage-dependent inactivation mechanisms in both cases 
(Figure 3.9, shallow r300 relations). It follows that a convenient index of pure CDI could 
be specified by an f-value index, calculated as the difference in r300 measured in Ca2+ and 
Ba2+ at -10 mV (Peterson et al., 1999; DeMaria et al., 2001). The reduction of f from ~0.6 
to zero quantifies the elimination of CDI in CaV1.3IQD channels. Steady-state inactivation 
(SSI) properties, mainly reflective of voltage-dependent inactivation, were identical 
between the two types of channels, whether Ba2+ or Ca2+ was used as the charge carrier 
(Figure 3.10). Hence, CaV1.3IQD channels not only expressed, but demonstrated selective 





















Splice variants Erev (mV) V½act (mV) kI-V (mV) n 
CaV1.3IQfull 41.32 ± 0.57 -33.42 ± 0.67 -6.19 ± 0.20 9 
CaV1.3IQΔ 45.25 ± 0.83 -23.54 ± 1.54 -6.05 ± 0.32 9 
 
 
Figure 3.8 Voltage-dependent electrophysiological properties of splice variants 
Upper panel: Exemplar current traces of CaV1.3IQfull and CaV1.3IQΔ channels evoked by 
test pulses that were stepped from holding potential of -90 mV to -60, -30, -10, 0, 30 mV 
for 1 sec. Left: A family of whole-cell I-V relationships of CaV1.3IQfull and CaV1.3IQΔ 
channel recordings performed in Ba2+ (left) or Ca2+ (right). Both CaV1.3IQfull (■) and 
CaV1.3IQΔ (▲) channels were co-transfected with auxiliary subunits (β2a and α2δ) in 
mammalian HEK 293 cells and the average I-V relationships were obtained by fitting 
with the equation I = Gmax (V – Erev)/ {1 + exp ((V – V½act)/kI-V) where Gmax is maximum 
conductance of the cell; Erev is reversal potential; V½act is voltage for half-maximal 
activation; kI-V is slope factor of Boltzmann function; and n is the number of cells. V½act 
values from peak I-V plots of CaV1.3IQfull and CaV1.3IQΔ channels in 10 mM barium are -
33.42 ± 0.67 mV (n = 9) and -23.54 ± 1.54 mV (n = 9) respectively; and in 10 mM Ca2+, 










Figure 3.9 Robust CDI exhibited by CaV1.3IQfull channels and weak CDI was 
observed for CaV1.3IQΔ channels. Open and closed circles indicate the relations with 
Ba2+ and Ca2+ as charge carrier and the f value is an index of pure CDI obtained as a 
difference between Ba2+ and Ca2+ r300 relations at -10 mV. The difference in f values is 












Figure 3.10 Steady-state inactivation (SSI) properties of CaV1.3IQfull and CaV1.3IQΔ 
channels. Upper panel: A family of exemplar current traces after 15-s conditioning 
depolarizing pulses evoked at -120, -90, -60, -40, or -20 mV of both CaV1.3IQfull and 
CaV1.3IQΔ. Lower panel: Graphs of steady-state inactivation (SSI), h (15s), as a function 
of conditioning pulses obtained from normalized data points. Steady-state inactivation 
was fitted with the equation amp1 + (1-amp1)/ (1+exp ((V-V½inact)/SF1)) + amp2/ (1+exp 
(-(V-V’½inact)/SF2)) where amp1 is initial current amplitude; amp2 is final current 
amplitude; V is the membrane potential of the conditioning pulse; V½inact is the potential 
for half-inactivation; and SF is the slope factor. The V½inact of wild-type CaV1.3IQfull and 
splice variant CaV1.3IQΔ channels: 5 mM barium, -58.79 ± 4.98 mV (n = 10); -61.39 ± 





3.5 Elimination of CDI in CaV1.3IQD channels is independent of b-subunit 
isoform  
 
It is well known that different auxiliary β subunit isoforms can modulate voltage-
dependent inactivation (Cens et al., 2006). To determine whether the amount of CDI 
experienced by CaV1.3IQD and  CaV1.3IQfull channels might be influenced by the type of b-
subunit present, we explicitly characterized both channel types during co-expression with 
various rat b-subunits (other than the rat b2a already used in Figure 3.9). For CaV1.3IQfull 
channels, the extent of voltage-dependent inactivation was only modestly affected by the 
choice of b subunit (Figure 3.11), whereas the CDI was essentially unchanged. Likewise, 
for CaV1.3IQD channels, voltage-dependent inactivation showed only mild dependence 
upon the b subunit present, and CDI was uniformly weak to absent, with f <0.1 
throughout (Figure 3.12). Overall, these results indicate that the elimination of CDI seen 
in the CaV1.3IQD channel splice variant is likely independent of the choice of auxiliary b 
subunit.  Here, we calculated the normalized voltage-dependent inactivation (VDI), r300 at 
300 ms for different rat  b subunits (Figure 3.13). When we compared the normalized 
VDI for all b-subunits co-expressing with Cav1.3IQD (Figure 3.13A)  or Cav1.3IQfull 
channels (Figure 3.13B) with respect to b2a, we found that the effects of both b1b and b3 
on VDI were significantly different (Student’s t-test, p < 0.001) but not when b4 
(Student’s t-test, p > 0.05) was used. We concluded that the splice variant Cav1.3IQD 
channels did not display much difference in VDI when we compared with Cav1.3IQfull 
channels for each co-expressing species of b -subunit. Taken together, our data suggest 
that alternative splicing at the IQ motif appears to have a prominent effect on CDI with 









Figure 3.11 Coexpression of CaV1.3IQfull with different b-subunits shows robust CDI 
but coexpression with CaV1.3IQΔ channels lacks CDI. The index of calcium dependent 
inactivation (CDI) is quantified by plotting the ratio of remaining current at the end of 
300-ms depolarization at different membrane potentials, as a fraction of initial peak 
current (r300)  averaged from n = 5 or 6 cells. Open and closed circles indicate the 
relations with Ba2+ and Ca2+ as charge carrier and the f value is an index of pure CDI 
obtained as a difference between Ba2+ and Ca2+ r300 relations at -10 mV. CDI reaches its 
peak thus producing a typical U-shaped inactivation curve, when recorded in Ca2+ and is 
absent when replaced with Ba2+. Representative current traces show normalized ICa 
(black) and IBa (grey) during a 300-ms depolarization step to +40 mV from a holding 
potential of -90 mV. Results were obtained for ICa (○) and IBa (●) from mammalian HEK 
293 cells transfected with CaV1.3IQfull and the different auxiliary subunits (β1-4 and α2δ). 












Figure 3.12 Coexpression of CaV1.3IQfull with different b-subunits shows robust CDI 
but coexpression with CaV1.3IQΔ channels lacks CDI. Family of CDI obtained of 
CaV1.3IQΔ channels in combinations with different b-subunits. The analyses and format 
are identical to that of upper panel. The data are averaged from n = 6-8 cells showing 
distinct loss of calcium dependent inactivation (CDI). No significant difference (p>0.05) 
was observed within the group of different b-subunits coexpression CaV1.3IQΔ or 
CaV1.3IQfull channels in mammalian HEK 293 cells. The f values represent the mean ± 













Figure 3.13 Alternative splicing at the IQ motif affect voltage-dependent inactivation 
(VDI) in CaV1.3IQΔ channels. Left panel is a graphical representation of residual 
fractions of peak currents remaining after a 300-ms test pulse (r300) plotted for the 
different rat β subunits with CaV1.3IQΔ (A) and CaV1.3IQfull channels (B) (n = 8-13 cells). 
Right panel illustrates the exemplar current traces for CaV1.3IQΔ (top right panel) and 
CaV1.3IQfull (bottom right panel) with different rat β subunits recorded at peak current for 
a 1-sec depolarizing step at -10mV. We calculated the normalized VDI, r300 (I300/Ipeak) at 
300 ms for different β subunits. In comparison with β2a, ** p < 0.001 significantly 





3.6 Construction of CaV1.3IQΔ-GST for protein induction  
 As shown in Figure 3.14, the rat CaV1.3IQΔ splice variant 
(GNSRSGKSKAWWGNTLRRTPRSPYRRD) was found to have an overall amino acid 
identity of 63% compared to chick CaV1.3IQΔ splice variant 
(GNSRNAKNKDWWGNILRRIPRLLCRQD). Therefore, we decided to raise two 
separate species of polyclonal antibodies to recognize rat and chick CaV1.3IQΔ splice 
variant respectively. Both species of Cav1.3IQD splice variants were subcloned in frame 
between EcoRI and XhoI sites of the expression plasmid pGEX-4T-1 (Amersham 
Biosciences). The resulting fusion protein was induced with 0.1M IPTG (final 0.1 mM) 
and expressed in the host Escherichia coli BL21 (DES) (Figure 3.14 and Figure 3.15) at 
30°C for 3 hrs. GST-fused CaV1.3IQΔ protein was purified and eluted with glutathione-
agarose (Sigma, G 4501). Purified CaV1.3IQΔ-GST protein were dialyzed in PBS (137 
mM NaCl, 2.7 mM KCl and 10 mM sodium phosphate at pH 7.4) before being used to 
immunize female New Zealand White rabbit once a month.  
 We further raised a third form of polyclonal antibody to distinguish two forms of 
Cav1.3 channels; long and short forms (Safa et al., 2001; Xu and Lipscombe, 2001).  The 
long form pAb_LF antibody (Figure 3.15) will specifically recognize Cav1.3 channels 
with the long C terminus tail (GenBank accession number AF370010), where, there is no 









      
G N S R S G K S K AW W G N T L R RT P RS P Y  R R D             rat Cav1.3IQD  








Figure 3.14 Construction of pGEX-4T1 fusion protein for expression. A, Amino acid 
sequences homology of rat and chick Cav1.3IQD. The amino acid similarity between the 
two species is 63%. The sequences that are boxed indicate that the residues in the column 
are identical. B, schematic outline of cloning the IQ splice variant and rat LF splice 
variant into pGEX-4T1 vector for protein expression. Both isoforms are cloned into 
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Figure 3.15 Detailed procedure of constructing pGEX-4T1 fusion protein for 
expression. Cav1.3IQD and Cav1.3LF specific primers were designed and the region of 
splice variants were amplified and subcloned into pGEX-4T1 vector. The insert was then 
cloned into restriction sites EcoRI and XhoI of the vector before expressing the fusion 
protein with 0.1mM IPTG final concentration for 3-4h at either 30°C or 37°C.   
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3.7 Characterization of pAb_DIQ and pAb_Cav1.3 specific antibodies  
At this point, explicit localization of CaV1.3IQD channels within hair cells was a 
key remaining uncertainty. Moreover, the splice variant specific expression of the BK(Ca) 
channels along the tonotopic gradient of the basilar membrane of the cochlea (Jiang et al., 
1997; Navaratnam et al., 1997; Rosenblatt et al., 1997; Jones et al., 1998) made us 
wonder whether an analogous spatial pattern of CaV1.3IQD expression might also be 
present. We therefore raised specific polyclonal antibodies against the CaV1.3IQD and 
CaV1.3IQfull channels. For CaV1.3IQD,  there are 27 amino acids that are not found in 
CaV1.3IQfull channels; these arise from the frameshifting produced by the alternate use of 
the acceptor site from exon 41. A polyclonal antibody was thereby generated against a 
GST fusion to this 27 amino acid sequence, yielding antibody pAb_DIQ.  For CaV1.3IQfull 
channels, a polyclonal peptide antibody was raised (Alpha Diagnostic International, as 
described in Materials and Methods) against exon 42a (Xu and Lipscombe, 2001) and 
GenBank accession number AF370010), which encodes 8 amino acids downstream of the 
IQ motif (present in CaV1.3IQfull, but not in CaV1.3IQD). The resulting antibody was 
denoted as pAb_CaV1.3.  In both cases, antibodies were affinity purified before use.   
To establish the specificity of pAb_DIQ, we were able to stain mammalian HEK 
293 cells expressing CaV1.3IQD channels (Figure 3.16Ai), but not those expressing 
CaV1.3IQfull channels (Figure 3.16Aii). Commercial anti- CaV1.3 antibody (Alomone) 
recognizing a common epiotpe in the II-III loop confirmed that cells expressing the 
CaV1.3IQD construct indeed gave rise to CaV1.3 channels (Figure 3.16Aiii). Conversely, 
pAb_CaV1.3 selectively stained cells expressing CaV1.3IQfull channels (Figure 3.16Aiv), 




both of these channels within the entire rat cochlea, we performed Western blot analyses 
on whole cochlear protein lysates, and both antibodies detected ~180 kDa bands, 
corresponding to the predicted molecular weights of the two channel types (a1D- IQD for 

























Figure 3.16 Characterization of pAb_DIQ and pAb_CaV1.3 specific antibodies by 
immunolabeling and western blot. A, Specific immunolabeling by pAb_DIQ of 
CaV1.3IQΔ channels (i) expressed on plasma membrane of mammalian HEK293 cells, 
while no labeling is seen on cells transfected with CaV1.3IQfull channels (ii). The green 
fluorescent arises from tagging the b subunit with GFP protein. Commercial anti- CaV1.3 
antibody (Alomone) labeled cells transfected with CaV1.3IQΔ (iii). Similarly, specific 
immunolabelling by pAb_ CaV1.3 is detected on cells expressing CaV1.3IQfull (iv) but not 
Cav1.3IQΔ (v) channels. B, Presence of CaV1.3IQfull and CaV1.3IQΔ channels in rat cochlear 
hair cells: Western blot using 20 µg of total membrane protein obtained from 20 rat 
cochlea was probed with affinity-purified splice variant specific antibodies. As shown in 
lane 1 and lane 2, labeling by pAb_DIQ and pAb_CaV1.3 respectively revealed CaV1.3IQΔ 






3.8 Selective localization of CaV1.3IQD and CaV1.3IQfull channels within cochlear 
hair cells  
 
Having established the selectivity of these antibodies, we performed 
immunolabeling on cochlear sections and whole mounts. In the adult organ of Corti 
(postnatal day 28, P28), we found that pAb_DIQ (CaV1.3IQD channels) labeled all the 
three rows of the outer hair cells (OHCs) intensely, whereas the inner hair cell (IHC) 
showed only weak labeling (Figure 3.17A, I) as shown for the basal turn (BT). An overall 
sense of the distribution of presumed CaV1.3IQD channels in OHCs is given by the whole-
mount section shown in (Figure 3.17A, II). This pattern of OHC labeling was largely 
conserved in more basal sections of the organ of Corti, with a hint of less intense labeling 
in the most apical turns (Figure 3.17B, I,II,III). For orientation, anti-NF200 (red) 
specifically labeled afferent fibers that innervate the synaptic region of IHCs (Figures 
3.17A-C). To further control for specificity of the antibody, we labeled serial sections 
with pAb_DIQ pre-absorbed with GST-fusion protein containing the 27 amino acids and 
synthetic peptide (Genemed Synthesis Inc, see Materials and Methods) (Figure 3.17B, 
VII) or with pre-immune serum (Figure 3.17B, VIII). The molar ratio of blocking peptide 
to antibody is 100: 1. In both experiments, the OHCs were not labeled, confirming 
specificity. For IHCs, only slight pAb_DIQ labeling was observed near the apical pole 
and footplate of the tunnel of the Corti, and there was no appreciable trend along the 
frequency gradient of the cochlea.  At high magnification ~ 100X, the immunolabeling 
was observed as punctuated dots along the basolateral membrane, cytoplasmic region and 
base of the OHCs (Figure 3.17B, IX). Therefore,  the localization of such splice variant 




perhaps modulating electromotility of the OHCs and regulating events in lateral wall 
(Belyantseva et al., 2000; Dallos and Fakler, 2002; Adler et al., 2003).  
 As there was a hint of a modest spatial difference in the expression of the 
CaV1.3IQD channel in the adult (P28), we wondered whether this spatial preference might 
be more pronounced in sections from younger animals, at a stage where differential 
expression of CaV1.3IQD channels might contribute to the activity-dependent sculpting of 
hair cell development. Electrophysiological studies described the developmental time 
course of calcium currents in cochlear hair cells, with a peak in magnitude near postnatal 
day 9 (P9) (Brandt et al., 2003). Thus, we labeled cochlea obtained from P9 rats, for 
comparison to our foregoing studies at P28. We found again that the three rows of OHCs 
were strongly labeled, while the IHCs were only weakly labeled (Figure 3.17B, IV,V,VI), 
no different from the P28 cochlear profile. However, there appeared to be more 
pronounced expression in basal turns. By contrast, CaV1.3IQfull channels appeared to 
exhibit an inverse preference for IHCs over OHCs.  Antibody pAb_CaV1.3 labeled the 
IHCs more prominently (Figure 3.17C, I), with lesser signal in OHCs and Deiter’s cells 
(DCs). The specificity of pAb_CaV1.3 labeling was validated by the lack of signals after 
preabsorption with the corresponding antigenic peptide (Figure 3.17C, II). The molar 
ratio of blocking peptide to antibody is 100:1. In all, given the localization of 
CaV1.3IQD channels within hair cells, the alteration of the IQ motif within these channels 
represents an attractive molecular basis for much of the weakened CDI of native currents 

















Figure 3.17 Localization of CaV1.3IQΔ and CaV1.3IQfull channels in rat cochlear hair 
cells. A, Left panel: Cartoon showing the reference locations of the adult rat cochlear hair 
cells (P28), supporting cells, basilar and tectorial membrane and auditory nerve fibers. 
Right panel: Basal turn (BT) of the adult rat cochlear hair cells immuno-labeled with 
pAb_DIQ (I) (green) shows predominant expression in the outer hair cells (OHCs); anti-
NF200 (red), immuno-labeled the neuro-filaments network (afferent fibers); and DAPI 
staining (blue) indicates the nuclei. The images were merged to demonstrate the 
localization of the CaV1.3IQΔ channels on the OHCs. Whole preparations of the cochlear 
hair cells show that all three rows of the OHCs are intensely immuno-labeled by 
pAb_DIQ (II) antibody. Bars, 20 µm. B, Specific localization and expression patterns of 
CaV1.3IQΔ channels in both P9 (before onset of hearing) and P28 cochlear hair cells 
labeled by pAb_DIQ (I-VI) on the OHCs. Serial sections of the three turn of P28 cochlear 
hair cells (AT: apical turn; MT: mid turn; BT: basal turn) show that all three rows of the 
OHCs are intensely immuno-labeled by pAb_DIQ antibody (I-III). Apical turn is defined 
as the uppermost coil (low frequency of sound) of the cochlea, while basal turn is defined 
as the lowest coil (high frequency of sound) of the cochlea. Localization of CaV1.3IQΔ 
channels in young rat cochlear hair cells before the onset of hearing (P9). Three rows of 
OHCs were strongly labeled and IHCs were again faintly labeled by the pAb_DIQ 
antibody. All three turns of the young rat cochlear hair cells showed similar labeling 
patterns. Specificity of the splice variant antibodies was confirmed by the lack of labeling 
when antibodies preabsorbed with peptide (VII) or when pre-immune serum (VIII) was 
used.  To control for the expression of channels, the basal turn (BT) of the adult rat 
cochlear hair cells was immuno-labeled with pAb_CaV1.3 channels (VIII). The OHCs are 
magnified 100X under the confocal microscope (IX) to reveal the subcellular 
localization. Cytoplasmic labeling (arrow 1), parts of basolateral membrane (arrow 2), 
nuclear envelope (arrow 3) and synaptic release sites/ base of OHCs (arrow 4) are 
immuno-labeled with pAb_DIQ antibody (green). Scale bar = 5 μm. C, CaV1.3IQfull 
channels labeled by pAb_CaV1.3 channels (I) show strong expression on inner hair cells 
(IHCs) and weaker expression on the OHC. Specificity of the pAb_CaV1.3 was confirmed 




















3.9 Alternative splicing at the I/II loop region of rat cochlear hair cells  
 
 The I-II loop region in Cav1.3a1 is known to be the location where many patterns 
of splice variations can be found. Figure 3.18 shows that a I-II loop insert (exon 9*) 
which was also found in chick cochlea (Kollmar et al., 1997a; Kollmar et al., 1997b). 
Here, we wanted to establish whether similar inserts were found in developing rat cochlea 
and other tissues; for example, in whole heart and brain. We transcript-scanned the rat 
cochlea, heart and brain using exon 9- and exon 14-specific primers in RT-PCR to 
generate an amplicon of ~ 538 bp in size. Screening by colony PCR using exon 9 and 
exon 14 -specific primers provided data that allowed the assessments of the distributions 
of the I-II loop splice variations (Figure 3.19) in rat cochlea, brain and heart. Identities of 
the splice variants were revealed by randomly selecting more than 30 bacteria clones for 
DNA sequencing. We found that there were 3 different splice variant combinatorial 
patterns (Figure 3.18 and Figure 3.19) in the I-II loop region. These 3 variations are: 
variation A (9, 9*, 10, 12), variation B (9, 10, 11, 12) and variation C (9, 10, 12). 
Interestingly, variation A (9, 9*, 10, 12) peaks before onset of hearing (P9) at 77% and 
drops to 38% during onset of hearing (P12) but increases back to 63% after hearing has 
fully developed (P16).  Furthermore, we observed that the trend of relative abundance of 
variation C was directly opposite to variation A. As shown in Figure 3.20, variation C 






















                                              
Figure 3.18 Summary of Cav1.3 subunit splice variants identified at I/II loop of 
various tissues. In panel A, the presence of I-II loop splice variants by RT-PCR were 
investigated using rat specific primers. The regions and identity of each PCR product are 
indicated by the labeling of the lanes and confirmed by sequencing. Lane 1: rat whole 
heart, Lane 2: rat whole brain, Lane 3: P9 rat cochlea, Lane 4: P12 rat cochlea, Lane 5: 
P16 rat cochlea, Lane 6: -RT (no RNA template). In panel B, an example illustrating 
colony screening isolated from individual bacterial colonies from P9 rat cochlea. Colony 
PCRs were carried out using specific primers flanking Exons 9-14 to identify new splice 
variants.  
* Exon 42a 
COOH 
NH2 
     I               II               III              IV    















































Figure 3.19 Splicing profile at I-II loop of different tissues.  3 splicing variations 
(variation A, B and C) have been observed at the I-II loop of the Cav1.3a1 subunit. The 
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Figure 3.20 Relative abundance of I-II loop splice variants in different stages of the 
rat cochlea and various tissues. A, the table above shows the distribution of splice 
variants and bacterial colonies screened at different ages of the rat cochlea and various 
tissues. B, graphical representation of the relative abundance of I-II loop splice variants.  
 
Cav1.3 isoforms P9 P12 P16 Brain 
Variation A               139 (77%)    73 (38%)    109 (61%)   78 (40%)    88 (46%) 
(9, 9*, 10, 12) 
 
Variation B            26 (14%)     11 (6%)       14 (8%)       16 (8%)     54 (27%) 
(9, 10, 11, 12) 
 
Variation C            21 (11%)     96 (53%)     55 (31%)   100 (52%)   53 (27%) 
(9, 10, 12) 
 
 







Part II Alternative splicing of Cav1.3a1 subunit in chick basilar papilla 
3.10 Detection of Cav1.3IQD splice variant in whole chick basilar papilla 
The chick basilar papilla, also known as chick cochlea, the avian analog of the 
mammalian organ of Corti, measures about 3 mm in length and contains approximately 
10,000 receptor hair cells. They are arranged in a tonotopically graded manner (Tilney 
and DeRosier, 1986; Tilney et al., 1986) and we sought to determine whether the 
presence of splice variant Cav1.3IQD channels is responsible for the distinctive native 
calcium currents in hair cells isolated from chick cochlea (Fuchs et al., 1990). Transcript-
scanning method was applied to systematically screen for the presence of Cav1.3IQD splice 
variant. We aligned (Figure 3.21A) both the rat and chick amino acids sequences and 
found that there is approximately 63% homology between the two species. Therefore, we 
designed chick specific primers pair E41-43 to flank the IQ region of the chick basilar 
papilla, transcripts encoding Cav1.3IQD splice variant were amplified by RT-PCR from 
developing chick cochlea. Bands containing a mixture of PCR amplicons were excised 
from gels and purified before confirmation by DNA sequencing (Figure 3.21B). Based on 
PCR products size differentiation on agarose gel and results from DNA sequencing, the 
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Figure 3.21 Summary of Cav1.3IQD splice variants identified at C-terminus of chick 
basilar papilla. A, amino acid sequences homology of rat and chick Cav1.3IQD. The 
amino acid similarity between the two species is 63%. The sequences that are boxed 
indicate that the residues in the column are identical. B, the presence of Cav1.3IQD splice 
variants by RT-PCR were investigated. The regions and identity of each PCR product are 
indicated by the labeling of the lanes and confirmed by sequencing. Lane 1: E11 chick 
whole cochlea (Before onset of hearing), Lane 2: E18 chick whole cochlea (Onset of 
hearing), Lane 3: P8 (After onset of hearing), Lane 4: -RT (no RNA template), Lane 5: -
PCR control (no cDNA template), Lane 6: rat cochlea cDNA (positive template control). 
C, an example illustrating colony screening isolated from individual bacterial colonies 
from P8 chick basilar papilla. Colony PCRs were carried out using specific primers to 
identify the presence of Cav1.3IQD subunit splice variants.  





3.11 Detection of Cav1.3IQD splice variant in single cell RT-PCR of chick hair cells 
From the results of colony screening of the whole chick basilar papilla, the 
relative abundance of Cav1.3IQD splice variant was detected to be relatively low. 
Therefore, we sought to analyze the presence of the splice variant in the individual types 
of chick cochlear hair cells (THCs: Tall hair cells, SHCs: Short hair cells). We have used 
the chick model to interpret our data collected in rat cochlea as hearing has also been 
studied extensively in chick cochlea. Electrophysiological recordings of P8 (postnatal day 
8) native chick hair cells (Figure 3.24) were performed in Johns Hopkins University 
while whole cell Ca2+ current recording was carried out in our laboratory on 
heterologously expressed Cav1.3 channels in HEK293 cells (Figure 3.8 – Figure 3.12). 
Although the Ca2+ current recordings were non-inactivating in the native chick hair cells, 
the percentage of the Cav1.3IQD splice variant in chick cochlea was not as significant as 
those found in the rat cochlea. There might be other unknown mechanisms which may 
explain the non-inactivating Ca2+ current in chick cochlea. Transcript-scanning method 
was applied to systematically screen for the presence of Cav1.3IQD splice variant. Nested 
RT-PCR using specific primer pair that was designed to flank the IQ region of the chick 
Cav1.3 channels and transcripts encoding Cav1.3IQD splice variant were amplified by RT-
PCR. Bands containing a mixture of PCR amplicons were excised from agarose gels and 
purified (Figure 3.22). Figure 3.22 illustrates the size analysis of PCR products and 
colony PCR of each individual bacterial clone spanning the IQ region of the individual 
hair cells of chick basilar papilla. The identity of the individual clone was confirmed by 



















Figure 3.22 Summary of Cav1.3IQD splice variants identified in individual hair cells of 
chick basilar papilla. A, the presence of Cav1.3IQD splice variants by RT-PCR were 
investigated. Lane 1: -RT (no RNA template), Lane 2: -PCR (no cDNA template), Lane 
3: P8 (After onset of hearing, THCs: Tall hair cells), Lane 4: P8 (After onset of hearimg, 
SHCs: Short hair cells) B and C, are examples illustrating colony screening of THCs (B) 
and SHCs (C) isolated from individual bacterial colonies from P8 chick basilar papilla. 
Colony PCRs were carried out using specific primers to identify the presence of 
Cav1.3IQD subunit splice variants.  
 















3.12 Relative abundance of Cav1.3IQD splice variant in developing chick cochlea 
Figure 3.23 summarizes the relative percentage of the Cav1.3IQD splice variants in 
whole chick cochlea and individual hair cells isolated. Approximately 200 bacterial 
colonies were screened from the development ages of chick cochlea tissues using PCR 
screening and the identity of each splice variant was validated by DNA sequencing and 
randomly 20 colonies were picked. From our results shown (Figure 3.23), although the 
relative percentage of Cav1.3IQD  splice variant is low, it peaks at the onset of hearing of 
the chick cochlea (E18, 4%). We postulated that during the development of hearing, 
especially just before (E11) to the onset of hearing (E18), a lot of processes are taking 


































































Figure 3.23 Relative abundance of Cav1.3IQD splice variants in developmental stages 
of the chick basilar papilla. A and B, graphical representation of the relative abundance 
of Cav1.3IQD splice variants in chick whole basilar papilla (A) and individual hair cells 
(B). The relative abundance of Cav1.3IQD splice variants is relatively low in chick whole 
basilar papilla (A). RT-PCR from individual hair cells shows that Cav1.3IQD is the 











3.13 Electrophysiological recording of chick cochlear hair cells (THCs) 
The chick is an easier model for native hair cell recording, so we isolated 
individual hair cells from chick cochlea at postnatal day 8. We have done whole cell 
Ba2+/ Ca2+ current recording in tall hair cells (THCs) as shown in Figure 3.24. The intact 
whole cell Ba2+/ Ca2+ current recordings were carried out in 5mM Ba2+/ Ca2+ in both hair 
cells and HEK 293 cells to allow for direct comparison. P8 chick (post-hearing) hair cells 
showed non-inactivating Ca2+currents but we did not find any Cav1.3IQD splice variant in 
P8 whole chick cochlea (Figure 3.21). We designed another set of primers flanking EF 
hand and the PreIQ3 region, and no alternative splicing was found that may implicate lack 
of CDI in Ca2+ current in the THCs of chick basilar papilla. We were wondering if the 
expression of such splice variant may be cell type specific. With the help of our 
collaborators in JHU, we obtained pools of THCs (tall hair cells) and SHC (short hair 
cells) from the chick basilar papilla and transcript scanned for the presence of Cav1.3IQD 
splice variant. Our data indeed showed that THCs expressed ~ 10.8% of Cav1.3IQD splice 
variant at P8 (post-hearing of chick basilar papilla). The percentage of the expression of 
the splice variant in chick is significantly less than those in rat cochlea. This led us to ask 
the following questions:  
1) Could there be a different mechanism in controlling the non-inactivating ICa in 
chick? Is it due to the interaction of different β subunits that are present?  
















Figure 3.24 Electrophysiological recording of a single tall hair cell of chick cochlea.  
Presence of internal Cs+ revealed an inward Ca2+ and Ba2+ current. The inward current 
was enhanced by substituting external Ca2+ with Ba2+. Inwards currents at -10 mV from a 
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3.14 Selective localization of Cav1.3IQD channels in chick cochlea 
In order to identify the distribution of splice variant Cav1.3IQD channels in chick 
cochlea, we used antibodies raised specifically for chick at IQ splice variant region. 
Having established the selectivity of these chick antibodies, we performed 
immunolabeling on chick cochlear sections. In the fully developed chick cochlea 
(postnatal day 8, P8), we found that chick pAb_DIQ (Cav1.3IQD channels) labeled both 
types of hair cells (THCs and SHCs) of the chick cochlea as shown in both the base and 
apex sections (Figure 3.25). We observed immunolabeling in SHCs, however, we were 
not able to detect the splice variant Cav1.3IQD in single cell type RT-PCR. A possible 
explanation could be the low abundance of the transcript in the particular chick cochlea 
which we have isolated individual hair cells. Another possible solution is we may have to 
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Figure 3.25 Localization of chick pAb_DIQ in chick basilar papilla. The chick basilar 
papilla is cryo-sectioned lengthwise such that both the apex and base section of the 
cochlea can be obtained. The apical section (A) of the chick cochlea lies predominantly 
THCs while the basal section (B) contains SHCs. The immunolabeling of the chick 
pAb_DIQ (red) appears to preferentially label the THCs, although slight labeling is 
observed in the short hair cells. Calbindin antibody (green) is used to immunolabel the 


















Part III Alternative splicing of Cav1.3a1 subunit in other tissues 
3.15 Tissue distribution of splice variant Cav1.3IQD  
 We have studied extensively the expression and localization of the identified 
splice variant Cav1.3IQD in both rat and chick cochlea. Currently, we are looking at the 
presence of the Cav1.3IQD splice variant in other tissues, for example, the heart and 
different regions of the brain. From our preliminary data (Figure 3.26 and Figure 3.27), 
we observed the presence of Cav1.3IQD splice variant and other new splice variants in 
specific regions of both organs. As shown in the RT-PCR results in the different regions 
of the mouse heart (SAN: sino-atrial node and AM: atrial myocytes), we observed the 
presence of a new splice variant of size ~ 500 bp (using specific primers E41-43) which 
is absent in the sino-atrial node. Therefore, we hope to find out the identity of the splice 
variant, characterize its electrophysiological properties and relate it to the physiological 
function of the heart. More work is required to establish the identity of the splice variant 
and establish whether this splice variant is expressed specifically in different tissues. 
Furthermore, the specific pAb_DIQ has been tested on the whole heart to determine the 
expression of the protein (Figure 3.26C).   
 Besides determining the location of the splice variant in the heart, we also 
observed its distribution in different regions of the brain.  Similarly, the 500 bp splice 
variant is observed in the hippocampus but not in other regions. We have tested pAb_DIQ 
(presence of Cav1.3IQD splice variant), pAb_LF (presence of long C-terminus) and 
pAb_Cav1.3 (absence of long C-terminus) polyclonal antibodies in the different regions 
of the brain to determine the expression of the splice variant channels (Figure 3.27B). 




release and in mossy fiber-CA3 LTP (long-term potentiation) or LTD (long-term 
depression) formations. These data raised the possibility for designing specifc siRNA or 
shRNA to delete the Cav1.3 splice variants and ask whether they may be important for 
brief high-frequency stimuluation LTP or whether the Cav1.3IQΔ channels may support 
the excitatory presynaptic potentials that propagate along the axon of the mossy fiber and 






























                 
 
 
Figure 3.26 Summary of Cav1.3IQD splice variants identified in various tissues. A, RT-
PCR using mouse Cav1.3 specific primers to detect for Cav1.3IQD splice variants in mouse 
SAN (sino-atrial node) and AM (atrial myocytes) tissues. As negative controls, - RT 
reactions (SAN and AM) without the addition of reverse-transciptase were used as 
templates for PCR. B, RT-PCR band using Cav1.3 splice variant specific primers on 
different rat tissues. Agarose gel showing three PCR amplicons (638bp, 580bp and 
500bp).  Lane 1: Whole Brain, Lane 2: Whole Heart, Lane 3: P12 onset of hearing 
cochlea, Lane 4: Right Atria, Lane 5: Left Atria, Lane 6: Right Ventricle, Lane 7: Left 
Ventricle, Lane 8: Aorta. C, Western blot using 40 μg of total protein extracted from rat 
whole heart was probed with affinity purified splice-variant specific antibody pAb_∆IQ 
revealed Cav1.3IQ∆ channels protein of approximately 180 kDa in size (indicated by 
arrow).   

































Figure 3.27 Distribution of Cav1.3IQD splice variants observed in different regions of 
the brain. A, RT-PCR using Cav1.3IQD specific primers on different regions of the brain 
cDNA. B, Double labeling of basson antibody(red) with pAb_DIQ (upper panel), pAb_LF 
long-form antibody (middle panel), and pAb_Cav1.3 (lower panel) of the Cav1.3 channels 
(green) in the CA3 region of mouse dorsal hippocampus.  Positive immunocytochemical 
staining for basson (a maker for presynaptic vesicles) is localized to the stratum lucidum 
(SL), a mossy fiber-recipient layer of the CA3 subfield of hippocampus.  Strong 
immunocytochemical staining for pAb_DIQ is localized in the stratum lucidum (SL) 
while relatively weak staining was observed in the stratum pyramidale (SP) region 
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DISCUSSION AND CONCLUSION 
Much of the work to date has been carried out to understand the underlying 
molecular mechanism of native hair cells Ca2+ current (Green et al., 1996; Kollmar et al., 
1997a; Kollmar et al., 1997b; Fettiplace and Fuchs, 1999; Koschak et al., 2001; Glueckert 
et al., 2003). For some time, a puzzling question asked was about the lack of correlation 
between the behaviors of the Cav1.3 channels recorded in native hair cells and cloned 
Cav1.3 channels recorded in heterologous HEK 293 cells. The native Ca2+ currents 
flowing through Cav1.3 channels of cochlear hair cells inactivate only little (Zidanic and 
Fuchs 1995) while those through heterologously expressed Cav1.3 channels in HEK 293 
cells do so markedly (Xu and Lipscombe 2001). The gating properties of calcium 
channels depend on the α1 subunit and its combination with the auxiliary subunits. 
Alternative splicing diversifies α1 subunit proteomic structures but for Ca2+ channels, the 
functional consequences are known only to be exhibited in a few splice variants 
(Soldatov et al., 1995; Lin et al., 1997; Lipscombe, 2005). In this study, we have 
demonstrated that alternative splicing generates a Cav1.3 channel splice variant 
(Cav1.3IQΔ) that in part explained the lack of Ca2+-dependent inactivation observed in the 
hair cells which might play a role in afferent synaptic transmission and possibly hair cell 
specific gene expression.  
 
4.1 Identification and characterization of splice variant Cav1.3IQD in rat cochlea  
 
 Cav1.3 mRNA transcripts have been reported in the cochlea from previous studies 
(Green et al., 1996; Kollmar et al., 1997a; Kollmar et al., 1997b; Safa et al., 2001; 
Ramakrishnan et al., 2002; Michna et al., 2003; Song et al., 2003) to explain the possible 
physiological properties of the native Ca2+ channels in the hair cells. Previous 
Discussion and Conclusion 
 
86 
investigations have also shown that Ca2+ current in native hair cells (Zidanic and Fuchs, 
1995; Platzer et al., 2000; Schnee and Ricci, 2003) displayed unique biophysical 
properties that were quite distinct from the heterologously expressed Cav1.3 in vitro (Safa 
et al., 2001; Xu and Lipscombe, 2001), particularly the inactivation properties of the 
channel. The question remains as to what the basis of such unusual properties of the hair 
cell voltage-gated Ca2+ current is in relation to the distinctly different properties of 
heterologously expressed Cav1.3 channels in HEK 293 cells? Proposed explanations for 
such unique properties of the voltage-gated Ca2+ conductance in hair cells include the use 
of different splice variants of Cav1.3 gene as suggested in chick basilar papilla (Kollmar 
et al., 1997a; Kollmar et al., 1997b), which has an additional 26-aa in the I-II intracellular 
loop region (exon 9a). As a result, such I-II loop insert may serve as a “hinged lid” which 
will obstruct the channel pore and alter the channel biophysical properties. Likewise, 
Song and colleagues (Song et al., 2003) have suggested that the association of different 
auxiliary subunits (α2δ and β) and presynaptic protein syntaxin with the Cav1.3 α1 subunit 
might explain the slow inactivation of the native Ca2+ current in the hair cells.  
 Here, having isolated and identified the splice variant from the rat cochlea, we 
further characterized the Cav1.3IQD channels in HEK 293 cells. We furnished new 
evidence that the expression of splice variant Cav1.3IQD, α1 subunit with β2a and α2δ 
auxiliary subunits, has clearly exhibited no calcium dependent inactivation (Fig 3.9). In 
contrast, when wild-type Cav1.3IQfull channels (intact IQ motif) are co-expressed with β2a 
and α2δ auxiliary subunits, we observed strong inactivation in a Ca2+-dependent manner 
(Fig 3.9). As noted by previous studies, mutations within the IQ motif of the Cav1.2 α1 
subunit render the Cav1.2 channel unable to bind CaM and disrupt CDI, thus suggesting 
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that the IQ motif serves as the effector region for calcium dependent inactivation (Zuhlke 
and Reuter, 1998). In this context, it should be noted that the structural motif in the C-
terminal tail where the IQ motif resides was concluded to be important for calmodulin 
binding (Peterson et al., 1999), and that the degree of Ca2+-dependent inactivation 
depends on the residues within the motif. Therefore, the loss of the IQ-motif in the 
Cav1.3IQD splice variant will predictably disrupt Ca2+-CaM binding and therefore inhibit 
Ca2+-dependent inactivation. Taken together, these data further supported the presence of 
Cav1.3IQD splice variant in hair cells and in particular would affect overall hair cell ICa 
inactivation properties. Previous findings have shown the effects of the auxiliary β 
subunits on the α1 subunit to increase current amplitude and density, to alter channel 
gating kinetics and to target the α1 subunit to the plasma membrane (Sokolov et al., 
2000). β2a is known to slow the voltage-dependent inactivation (VDI) of voltage-gated 
calcium channels (Olcese et al., 1994) and therefore depending on which auxiliary β 
subunit is expressed by a cell, the VDI of the channels may differ. Therefore, we 
expressed various forms of β subunits (β1-4) with the Cav1.3IQD subunit and investigated 
whether calcium dependent inactivation was affected by the choice of b-subunit used in 
the experiment. Present findings from our laboratory have shown that calcium dependent 
inactivation was abrogated regardless of which auxiliary β subunit (Figs 3.11 and 3.12) 
was co-expressed in HEK 293 cells. In contrast, fast Ca2+-dependent inactivation was 
observed when Cav1.3IQfull subunit was co-expressed with various forms of b auxiliary 
subunits. From our results, we concluded the presence of splice variant Cav1.3IQD might 
likely explain no or weak calcium dependent inactivation in hair cells. Therefore, the IQ 
motif of the α1 subunit of Cav1.3 channels is important for the mechanism of calcium 
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dependent inactivation. However, we cannot exclude the possibility of other mechanisms 
that might function to inhibit Ca2+-dependent inactivation in hair cells.  
 
4.2 Roles of Cav1.3IQD channels in native hair cells – 
 Our present data also describes for the first time the immunolocalization of such 
splice variant Cav1.3IQD and wild-type Cav1.3IQfull channels in both the developing and 
adult cochlea. Recent findings have reported the presence of Cav1.3 channels in stria 
vascularis, the ligament limbus, the organ of Corti and the spiral ganglion by 
immunolocalization studies (Ramakrishnan et al., 2002; Lopez et al., 2003; Song et al., 
2003; Hafidi and Dulon, 2004; Layton et al., 2005). Cav1.3 channels not only localized at 
the basolateral membrane of hair cells, they are found at the synaptic zone of the hair 
cells, where it is known to regulate neurotransmitter release (Martinez-Dunst et al., 1997; 
Song et al., 2003; Samaranayake et al., 2004).   
Here, we observed early (postnatal day 9) diffuse staining of splice variant 
Cav1.3IQD in both the cochlear inner hair cells (IHCs) and outer hair cells (OHCs) before 
the onset of hearing by immunostaining with splice variant specific antibody, pAb_DIQ. 
We found that the three rows of OHCs were strongly labeled, while the IHCs were only 
weakly labeled (Fig. 3.16B, IV, V, VI). However, there appeared to be more pronounced 
expression in basal turns. As shown previously, before the onset of hearing, the cochlear 
IHCs spontaneously fire Ca2+ action potentials (Kros et al., 1998; Beutner and Moser, 
2001; Glowatzki and Fuchs, 2002) which are primarily mediated by Ca2+ channels and 
afferent synaptic transmission is triggered by such Ca2+ spikes in the IHCs (Beutner and 
Moser, 2001; Glowatzki and Fuchs, 2002). Hence, it is likely that the presence of such 
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splice variant Cav1.3IQD in the neonatal IHC may suggest the phenomenon of the weak 
and less pronounced Ca2+ dependent inactivation (Platzer et al., 2000) which allows the 
Ca2+ channels to respond rapidly to stimulus and tonic synaptic transmission. The IHCs 
showed weak staining for Cav1.3IQD channels. In another study done by our collaborators 
(Yang et al., 2006), they reported another molecular mechanism which may play a role in 
moderating hair cells calcium dependent inactivation. Although, in our present study, we 
observed a stronger staining pattern of Cav1.3IQD in neonatal IHCs (Fig 3.16), we cannot 
exclude the possibility of few targeted Cav1.3IQD channels at the base of the IHCs 
(synaptic active zone). The channel density at the active zone might be too low such that 
we could not detect by our immunostaining methods. Furthermore, during development 
of hearing, the primary sensory cells of the cochlea and the hair cells undergo major 
changes in potassium and calcium channels expression (Kros et al., 1998; Marcotti et al., 
2003b; Marcotti et al., 2003a) and calcium channels (Beutner and Moser, 2001; Michna 
et al., 2003) and such early presence of Cav1.3IQD channels in both types of hair cells 
might explain their possible roles in regulating Ca2+ ions for specific gene expression and 
maturation of hair cells. Recent study has provided evidence in neonatal OHCs where 
Ca2+ currents seem to play a role in maturation since OHCs from the Cav1.3 knockout 
mice (Cav1.3-/-) degenerate shortly after onset of hearing (Platzer et al., 2000). Besides, 
presence of Cav1.3IQD channels in neonatal OHCs might explain spontaneous Ca2+ action 
potentials in vivo which could be involved in formation of synaptic connections. Michna 
and others have shown that neonatal OHCs did not display consistent loss of Ca2+ 
dependent inactivation: 7 out of 15 OHCs exhibited weak or no inactivation, hence, the 
presence of splice variant Cav1.3IQD might in part explain the observed lack of Ca2+ 
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dependent inactivation. Therefore it remained to be determined if such Cav1.3IQD channels 
do function in neonatal OHCs. If they do, they may play a role in processes other than 
neurotransmitter release such as OHC-specific gene expression during hair cells 
maturation or electromotility of the hair cells. Our data demonstrated that the expression 
of Cav1.3IQD channels peaks at the onset of hearing (P12) at approximately ~ 50% with 
our transcript-scanning, which might explain the need of Ca2+ currents in these hair cells 
to adopt an adult phenotype. Single cell RT-PCR could further confirm the existence of 
such Cav1.3 splice variant in different cell types. In addition, we observed the 
immunolocalization of wild-type Cav1.3IQfull  subunit specific antibodies mainly in the 
IHCs and OHCs at the apical coil of the developed cochlea (P28) and the localization 
becomes more apparent in the supporting cells especially the Deiters cells at the base of 
the cochlea. These supporting cells have been shown previously to express outward 
rectifying potassium currents (Nenov et al., 1998) but not calcium currents.  
In the adult cochlea, the expression of such splice variant Cav1.3IQD was 
predominantly localized in the OHC with an increasing channels population (Fig. 3.16B, 
I, II, III) clustering along the basolateral membrane, cytoplasmic localization and at the 
base of the cell (synaptic zone). It has been shown previously (Santos-Sacchi et al., 1997) 
such clustering at the lower end of the hair cells is a distinctive feature in mammals and 
there might be some mechanisms involved in targeting these channel clusters. In addition, 
our results are in agreement with previous studies in which antibody raised against 
peptide in the I-II loop region of Cav1.3 channels (Ramakrishnan et al., 2002) was used in 
the immunolocalization of hair cells in adult rat cochlea.  Ramakrishnan and others have 
shown the expression of the I-II loop splice variant of Cav1.3 present in the OHCs of the 
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organ of Corti and slight immunostaining in the IHC. Furthermore, our immunostaining 
result is supported by physiological data showing the presence of small and non-
inactivating L-type Ca2+ currents in guinea pig OHCs (Nakagawa et al., 1991; Chen et al., 
1995), which may explain the existence and importance of splice variant Cav1.3IQD 
channels in the adult OHCs. The presence of splice variant Cav1.3IQD channels will result 
in the lack of Ca2+-dependent inactivation and so allowing a constant influx of Ca2+ 
through such voltage-gated L-type calcium channels (LTCCs) which might potentially 
contribute to neurotransmitter release in OHCs. In addition, we observed an apical-basal 
gradient of expression of Cav1.3IQD channels along the different turns (tonotopic axis) of 
the organ of Corti. Strong labeling of Cav1.3IQD was apparent in the OHCs at the basal 
turn of the organ of Corti, which might explain the abundance of LTCCs at the higher 
frequency end of the cochlea. This increased labeling can be explained by a greater 
distribution of Ca2+ current in higher frequency hair cells compared to the low frequency 
hair cells (Fettiplace and Fuchs, 1999) and therefore such  Cav1.3IQD channels may play 
an important role in frequency tuning (Wu and Fettiplace, 1996; Fettiplace and Fuchs, 
1999). Our results shown here reinforce the presence of Cav1.3IQD channels in the adult 
OHCs. Although OHCs have synaptic connections with the remaining 5% of afferent 
fibres, it remains to be determined if such Cav1.3IQD channels at the OHCs play a role in 
release of neurotransmitter. Therefore, if the adult OHCs do have functional Ca2+ 
channels, what roles do they contribute? It appears that electrophysiological recordings of 
the OHCs directly could answer the question. 
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4.3 Roles of Cav1.3IQD channels in other tissues – 
 The current work has opened up more questions and hypotheses of alternative 
splicing in Cav1.3 subunit and the physiological implications of new splice variants 
identified. Therefore, more experiments need to be carried out to answer many more 
questions that arise from the distribution of the identified splice form of Cav1.3IQD 
channels in other tissues.  
 One area for future work is to determine the distribution patterns of the identified 
splice form of Cav1.3IQD channels in different chambers of the whole heart. Previous 
studies by Platzer (Platzer et al., 2000) and Zhang (Zhang et al., 2005) have shown that 
Cav1.3 knockout mice were deaf and showed evidence of atrial arrhythmias. One can ask 
if the presence of Cav1.3IQD channels in the SA (sino-atrial) node could contribute to the 
generation of spontaneous action potential and pacemaking activities in the SA node 
cells. More experimental evidence is required to provide answer to such question. We 
could construct a combination of full-length cDNA library using the SA node tissue so 
that the study of dominant combinatorial arrays of alternatively spliced exons of Cav1.3 
channels could be examined.  
 Another area for future work is to determine all the alternative splicing 
combinations and map their expression in various brain regions of the rodents. Our 
preliminary work has shown the presence of Cav1.3IQD channels in the stratum lucidum 
(SL), a mossy fiber-recipient layer of the CA3 subfield of the hippocampus. The co-
localization of Cav1.3IQD channels and calbindin may suggest the expression of these 
channels at the mossy fiber axon (Fig 3.23). The question that we hope to answer from 
such future studies would be to understand the physiological role of the specific Cav1.3 
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splice variant in hippocampal LTP.  This could be achieved by selectively silencing the 
splice variant in transgenic mouse model by RNAi or knocking-out the alternate splice 
acceptor site.   
Here, we have demonstrated that alternative splicing generated a novel CaV1.3 
channel splice variant (CaV1.3IQD) that might underlie the lack of Ca2+-dependent 
inactivation (CDI), particularly as observed in outer hair cells.  As the weakly 
inactivating phenotype of native CaV1.3 channels is believed critical to hair-cell function, 
identification of CaV1.3IQD channels represents a potential molecular mechanism 
underlying the important neurobiological roles subserved by this phenotype. This 
possibility motivates three topics of discussion:  (1) explicit consideration of these 
neurobiological functions within the auditory context; (2) comparison of the currently 
known molecular mechanisms for moderating CaV1.3 inactivation; and (3) the potential 
for harnessing this molecular knowledge to probe the function of CaV1.3 CDI in vivo.   
 
4.4 Importance of diminished inactivation of CaV1.3 channels within hair cells - 
What roles do CaV1.3 channels that lack CDI serve in auditory outer hair cells?  
First, minimal CDI of CaV1.3 channels could sustain persistent CaV1.3-driven synaptic 
transmission from outer hair cells to a limited number of afferent nerve connections 
(Pujol et al., 1997).  Second, weak CDI could help prolong Ca2+ entry that would sustain 
activity-dependent transcription underlying outer hair cell development (Platzer et al., 
2000; Brandt et al., 2003; Glueckert et al., 2003). During the development of hearing, 
cochlear hair cells undergo major changes in potassium (Kros et al., 1998; Marcotti et al., 
2003a) and calcium channel expression (Beutner and Moser, 2001; Michna et al., 2003), 
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as well as dramatic rearrangement of efferent and afferent innervation (Liberman and 
Simmons, 1985; Sobkowicz et al., 1986; Simmons and Liberman, 1988a, b; Simmons et 
al., 1992; Simmons, 1994; Simmons et al., 1996; Simmons, 2002; Fuchs et al., 2003; 
Sobkowicz et al., 2004; Bergeron et al., 2005).  Hence, the early presence of CaV1.3IQD 
channels, as well as the loss of OHCs shortly after the onset of hearing in CaV1.3 
knockout mice (Platzer et al., 2000), cohere with a contribution of these channels to 
activity-dependent gene expression underlying development. Third, scant inactivation 
would permit CaV1.3 channels to sustain voltage-dependent ion-channel effects to expand 
the ‘RC frequency limit’ of electro-motility in outer hair cells, thereby enhancing 
cochlear amplifier function (Ospeck et al., 2003).   
Regarding inner hair cells, CaV1.3IQfull channels appear predominant in this locus, 
with only limited staining for CaV1.3IQD channels. Hence, we believe that another 
mechanism¾involving CaBP4 complexation with CaV1.3IQfull channels ¾ is principally 
responsible for the weak-to-absent CDI in these hair cells.   
 
4.5 Potential mechanisms for switching the inactivation of CaV1.3 channels in 
hair cells - 
 
There has been a long-standing search for the molecular basis underlying the 
customized gating properties of hair cell Ca2+ currents (Art and Fettiplace, 1987; Zidanic 
and Fuchs, 1995; Platzer et al., 2000; Schnee and Ricci, 2003).  Earlier studies proposed 
that CaV1.3 splice variants may be involved (Green et al., 1996; Kollmar et al., 1997a; 
Kollmar et al., 1997b; Ramakrishnan et al., 2002).  In particular, CaV1.3 of the chicken 
basilar papilla (Kollmar et al., 1997a; Kollmar et al., 1997b) has an additional 26 amino 
acids within the I-II loop region (exon 9a) of CaV1.3, and the I-II loop has been proposed 
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as a “hinged lid” to obstruct the channel pore and bring about inactivation. Likewise, 
Song et al. (2003), and others have suggested that muted CDI may partially arise from α1 
subunit association with different auxiliary subunits (α2δ and β) or presynaptic proteins.  
Previous reports showed that the mouse cochlea expressed CaV1.2, CaV1.3, CaV2.3, and 
auxiliary subunits: α2δ, β1, β3 and β4 (Green et al., 1996; Song et al., 2003). The auxiliary 
subunits when co-expressed with the α1 subunits modulate the kinetics and properties of 
channel gating (Lacerda et al., 1991; Singer et al., 1991; Varadi et al., 1991). However, in 
all of these prior screens, either no explicit functional confirmation of altered CDI was 
performed (Green et al., 1996; Kollmar et al., 1997a; Kollmar et al., 1997b; 
Ramakrishnan et al., 2002), or the blunting of CDI was insufficient to explain the profile 
of native channels (Song et al., 2003).  It has been shown that alternative splicing of the 
CaV1.2 gene (Soldatov et al., 1997; Zuhlke and Reuter, 1998; Zuhlke et al., 2000; Tang et 
al., 2004) contributed to functional diversity of these L-type channels. Previous studies 
have reported that voltage- or Ca2+ -dependent inactivation were influenced by different 
sites on the CaV1.2 subunit (Yatani et al., 1994; Parent et al., 1995). Here, we observed 
that considerable voltage-dependent inactivation (VDI) when either β1b or β3 were co-
expressed with CaV1.3IQΔ or CaV1.3IQfull channels. However, there was no significant 
difference between β4 or b2a induced VDI, when co-expressed with CaV1.3IQΔ or 
CaV1.3IQfull channels. Taken together, our data suggest that alternative splicing at the IQ 
motif appear to have prominent effect on CDI while the effect of VDI was unlikely to be 
altered.  
 The alternative splicing of the IQ domain in CaV1.3IQD channels as reported here 
provides the first candidate mechanisms whereby the CDI of CaV1.3 channels is 
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essentially eliminated, consistent with the profile of native channels. The identification of 
CaV1.3IQD channels adds to a growing list of ion channels customized by alternative 
splicing (Lin, 1997; Soong et al., 2002; Chaudhuri et al., 2004; Chaudhuri et al., 2005), 
and the actions of CaBP1/4 on CaV1.3 channels (Yang et al., 2006) augments an 
emerging general theme in which CaM-like molecules expand the baseline CaM 
regulatory profile of various Ca2+ signaling proteins (Burgoyne and Weiss, 2001). While 
other molecular explanations may remain to be discovered, it is worth discussing how the 
present two mechanisms may be integrated within the organ of Corti, as a framework for 
future work.     
 Fig. 4.1 summarizes our working hypothesis of how the inactivation of CaV1.3 
channel might be customized in auditory hair cells.  The presumed biological advantages 
of expressing CaV1.3 channels with little CDI are summarized from the previous section.  
In OHCs, the main mechanism for restricting CDI would be the enrichment for CaV1.3IQD 
channels. Concerning IHCs, the dominant mechanism for limiting inactivation would be 
the association of CaV1.3IQfull channels with CaBP4 molecules. In this setting, there 
would be a secondary contribution of CaV1.3IQD channels, for which weak staining in 
IHCs was observed.  In our companion work (Yang et al., 2006), we found that both 
CaBP1 and CaBP4 were capable of eliminating CDI expression of CaV1.3IQfull channels, 
but that there was preferential expression of only CaBP4 within IHCs.  This differential 
expression pattern of CaBPs suggests different mechanisms for CDI in OHCs versus 
IHCs. 
 




Figure 4.1 Proposed mechanism of calcium-dependent inactivation in auditory hair 
cells. Proposed model for Ca2+-dependent regulation of CaV1.3 channels in auditory hair 
cells on different time-scales. Channel turnover would predict a time-constant of ~1 day 
for adjusting CDI by alternative splicing (Passafaro et al., 1992) while CaBPs regulation 
of CaV1.3 channels may be occur within minutes to hours. t indicates purported 
changeover in regulation.   
 
 
It is interesting to wonder why different hair cells would employ different 
mechanisms for eliminating CDI of CaV1.3 channels? One possibility concerns the 
potentially different time-scales over which CDI is down-regulated by the differing 
mechanisms. In particular, while CDI is generally weak to absent in hair cells, there is 
certainly variability in the extent to which CDI is eliminated among different cells 
(Michna et al., 2003).  Accordingly, the degree of CDI restriction may need to be 
regulated, and thus fine-tuned to cell-specific biological need. There is growing 
awareness that stability and robustness in Ca2+ signaling networks requires feedback 
loops that operate on very different time-scales (Brandman et al., 2005).  An attractive 
hypothesis, then, is that the time-frame over which CDI can be variably throttled may be 
very different for alternative splicing versus CaBP mechanisms. Channel turnover would 
predict a time-constant of ~1 day for adjusting CDI by alternative splicing (Passafaro et 
al., 1992).  On the other hand, CaBPs are capable of binding Ca2+, and their interaction 
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with CaV1.3 channels may be altered over minutes to hours, according to the recent 
history of Ca2+ elevation (Burgoyne and Weiss, 2001).    
 
4.6 Tools for in vivo dissection of CaV1.3 function in hair cells - 
Overall, the discovery of candidate molecular explanations for the diminished 
CDI of native auditory currents—alternative-splicing (CaV1.3IQD channels, described 
here) and CaBP interactions (Yang et al., 2006)—promises the groundwork for exploring 
the neuro-auditory impact of CDI regulation in vivo. Transgenic animal models with a 
splice-variant-specific knockout of CaV1.3IQD channels, or with selective elimination of 
CaBP4 expression (Haeseleer et al., 2004), could permit direct exploration of the auditory 
signaling role of sustained CaV1.3 channel activity within outer versus inner hair cells, 
respectively. Alternatively, RNA silencing or expression of CaBP ‘buffer’ molecules 
within the in vivo context could also prove useful. Experiments employing such strategies 
now present as promising arenas for future research.   
 
 
4.7       Future plans – 
The biological role of a splice exon may be examined in transgenic mouse models 
by the specific ablation of a single exon or a splice-variant-specific knockout of 
CaV1.3IQD channels by RNA silencing. Further, probing for splice combinations of full-
length libraries of the 11.3 subunit constructed from different tissues (i.e. different 
regions of brain and heart) obtained under various conditions will allow tracking of the 
utilization of exons in isolation or in combination with other splice exons. Experiments 
employed to identify cytoplasmic interacting proteins that may be required for 
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